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 The Mississippian Heath Formation is recognized as the key source rock for the Heath-
Tyler-Amsden (!) petroleum system in the Big Snowy Trough of central Montana which has 
produced an estimated 137 million bbl of oil to date from conventional traps. Due to the limited 
amount of conventional production to date within this petroleum system over the region’s 90 
year history of development, and estimates that 60% of total generated oil still remains in place 
within the source rock, the Heath is well suited for being assessed as a resource play. 
This research project is designed around addressing this possibility. Specifically it seeks 
to gain a thorough understanding of the Heath’s potential as a resource play, and does this by 
meeting two primary objectives: 1) conducting a petroleum system analysis of regional 
stratigraphy in the Big Snowy Trough of central Montana with an emphasis toward identifying 
the Mississippian Heath Formation’s contribution to this system, and 2) performing a source rock 
assessment of the Heath Formation.  The results drawn from meeting these objectives lead to 
establishing the view of the Heath as its own stand-alone petroleum system that can potentially 
serve as a resource play target. 
The stratigraphic analysis yielded the following observations. Thickness of the Heath 
varies regionally from 150-450 ft, and its present depth ranges from outcropping at the surface to 
occurring at 6,000 ft total vertical depth, while averaging around 3,000-6,000 ft within the 
central region of the trough. It is composed of various marine lithologies including mostly black 
micritic shale interbedded with thin fossiliferous limestone and dolomite stringers, and minor 
gypsum/anhydrite occurrences. The most organic-rich zone of the Heath, the Cox Ranch shale 
unit, ranges from 5-25 ft in thickness, and is composed of finely-laminated micritic black shale. 
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Adjacent to this organic zone is the informally defined Heath B carbonate unit (from this study) 
which is composed of interbedded limestone, dolomite and shale. The carbonate beds within this 
interval are thin (2-5 ft thick), but generally are more developed and more prevalent in the 
southern region of the study area. Less organic-rich shale intervals occur abundantly in the 
Upper and Lower Heath units that are informally defined in this study. 
The source rock analysis provided the following results. Programmed pyrolysis, TOC, 
and vitrinite reflectance data for the Heath shales indicate very good source rock character. 
Within the Cox Ranch section, TOC wt. % ranges from 0.5-26% and averages 9% with S2 peak 
values averaging 20 mg HC/g rock. Kerogen type analyses point mainly to Type I/Type II 
kerogen, while Tmax suggests marginal maturity to oil window maturity with values ranging 
from 420 to 449 deg C. Maps of the thermal maturity parameters indicate a salient zone of oil 
maturity in the south-central region of the study area. Burial history and thermal maturity models 
from southern wells indicate oil expulsion from the Heath with the critical moment occurring in 
the Early Tertiary. 
The results of the stratigraphic and source rock analyses of the Heath combined clearly 
indicate the presence of the necessary lithologic elements needed for comprising a stand-alone 
petroleum system. They also exhibit the presence of system processes that signal a once active 
petroleum system which has subsequently been uplifted and is no longer active. Thus, the 
Heath’s overall character suggests that it should be considered a viable candidate as a resource 
play target, especially when taking into consideration the result of the oil-generation-based 
volumetrics analysis conducted in this study. Estimates of the Heath’s production potential could 
be 1.37 billion bbls of recoverable oil through unconventional development.  In addition, thermal 
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maturity results and reservoir facies trends indicate a highly prospective zone for this type of 
play in the south-central region within the study area.   
Based on an overall assessment, this study establishes the Heath Formation as a 
prospective target for resource play development. Given these results, the time has come for 
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 CHAPTER 1 
INTRODUCTION 
 
As recent as the mid-1980’s, industry generally based its approach to hydrocarbon 
exploration on defining the geologic parameters of known conventional reservoirs containing 
known accumulations, and then attempting to identify these same reservoir rock characteristics 
(high porosity and permeability zones and connective fracture systems associated with 
conventional structure or stratigraphic traps) within the same sedimentary basin, or within 
analogous basins without significant consideration of source rocks being present in the adjacent 
stratigraphy. This approach has had much success because of the relative abundance of 
productive structural and stratigraphic plays across basins worldwide, but after many years of 
conventional exploration and prospect development the availability of these kinds of 
conventional plays is becoming more limited. Because of this, the search for trapped 
hydrocarbons focused on reservoir recognition is becoming increasingly more difficult. The 
lowered rate of discovery of new reservoirs using these conventional approaches has created a 
shift in exploration prospect targeting for many exploration companies. This shift transitions 
from previously targeted structural and stratigraphic plays to focusing more on unconventional 
resource plays because of a perceived greater potential for finding these types of regional 
accumulations versus conventional prospects as it is believed that many still remain 
undiscovered. Figure 1.1 illustrates how the targeting zones differ for these various approaches; 
structural traps have accumulations along anticline highpoint inflections, stratigraphic traps 
generate accumulations against stratigraphic pinch-outs, while resource plays, also called 




Figure 1.1: Schematic illustrates classic stratigraphic locations for the various styles of 
hydrocarbon traps. Conventional traps occur along anticline inflection points; stratigraphic traps 
occur at stratigraphic pinch-outs; resource/continuous plays occur within deeply buried, 
continuous strata where hydrocarbon generation takes place. Figure modified from Schenk and 
Pollastro, 2001. 
 
original oil and gas generation occurred in-situ. 
This shift in philosophy demands a change in the exploration approach, and requires 
taking into consideration the whole system of geologic components that drive the creation and 
productivity of a reservoir (source, migration pathways, reservoir, seals, overburden) instead of 
just the reservoir itself. For conventional plays, the main factors for success revolve mostly 
around defining and understanding the reservoir properties, but for resource plays the source 
rock and its proximity to the reservoir rock is just as important, thus requiring a more robust 
understanding of the associated petroleum system components. Also, traditional methods for 
locating conventional plays by identifying prospective structures and reservoir beds have become 
less applicable, and thus less relevant. This is because resource play targets are not easily 
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recognized using these traditional techniques. They can lack salient structural and stratigraphic 
features, so finding them requires a more holistic understanding of the basin geology.  
Developing a petroleum system model, as defined by Magoon and Dow (1994), for a 
basin or sub-basin accomplishes this task of defining the geology, and locating the resource plays 
through an efficient process.  This approach identifies and defines the source rock which is the 
origin of petroleum generation and expulsion, determines the key migration pathways and 
trapping mechanisms for these hydrocarbons, and locates the most probable targets for reservoir 
beds within the whole petroleum system, thus incorporating a highly efficient methodology for 
predicting accumulation locations, especially within an area that lacks highly conspicuous 
conventional targets. A diagram of this scheme is shown in Figure 1.2. 
This methodology of the petroleum system is highly relevant to the Heath Formation and 
its adjacent rocks in the Big Snowy Trough, located in central Montana (Fergus, Petroleum, 
Garfield, Golden Valley, Musselshell, and Rosebud counties), where conventional exploration 
and production has gone on for almost a century with only moderate success. Work has already 
been done to establish a general framework for a petroleum system in this region. Aram (1993b) 
and Cole and Drozd (1994), among others (Kranzler, 1966; Cole and Daniel, 1984; Rinaldi, 
1987) recognized the Heath Formation as containing the most prolific source rocks in the basin, 
and have associated overlying sandstones and limestone reservoirs from both the Pennsylvanian 
Tyler Formation and the Pennsylvanian Amsden Formation to this source, thus defining a 
regional petroleum system. 
There has been proven production from this Heath-Tyler-Amsden system, but has only 
amounted to approximately 137 million bbl’s cumulatively over 90 years of exploration 




Figure 1.2:  This hypothetical cross section identifies the key elements that make up a petroleum 
system, including the source rock, reservoir rock, seal rock and overburden. Modified from 
Magoon and Dow, 1994. 
  
2006), and with sporadic results across what appear to be excellent basin structures. This 
marginal success using conventional methods tends to discourage further exploration efforts 
within the Tyler and Amsden units, and highlights the Heath as a potential stand-alone system, 
especially since volumetric calculations from Cole and Drozd (1994) estimate that only about 
40% of oil generated within the Heath-Tyler-Amsden system has migrated and been found 
trapped within the Tyler and Amsden reservoir beds. This suggests that a very large amount of 
oil could yet remain within the source beds of the Heath, assuming the presence of good seal 
integrity. If this is the case, it would be prudent to consider the Heath not only as a good source, 
but as a significant reservoir target as well. 
Given the presence of these key features, the Heath is a well suited candidate for further 
evaluation as a stand-alone petroleum system. It is described as mainly organic-rich shale inter-
bedded with thin limestone and dolomite stringer beds, and exhibits some local occurrences of 
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gypsum and anhydrite in the upper third of the unit. The organic shale beds themselves contain a 
significantly high weight % of total organic carbon (TOC) content with a range from 0.5-26% 
TOC, and an average of 9% TOC, based on data from this study. The kerogens composing the 
organic matter (OM) in these beds are interpreted as being Type I/Type II, and thus are likely oil-
prone organics. In addition, these kerogens exhibit appropriate thermal maturity for oil 
generation with vitrinite reflectance values (Ro)  in the marginally mature to oil mature range 
(0.49-0.99%), and Tmax values varying from 420-449 degrees C, as reported by Derkey et al. 
(1985), Aram (1993b), and based off of data from this study. The limestone and dolomite beds 
are laterally extensive, show some evidence of natural fractures and vugs, and exhibit reasonable 
porosity and permeability in particular beds for tight oil prospects, and thus could serve as 
potential horizontal drilling targets rather than conventional targets. This is promising 
considering the thickness of these beds (< 5 ft per occurrence) indicates limited potential for 
adequate pore space volume available to a typical well bore (conventional method). Thus, in 
essence, the abundance of hydrocarbon source material within the shale beds and potential for 
thin, but laterally extensive reservoir rock represented in the limestones and dolomites indicate 
potential for a self-contained petroleum system that could be prolific if it can be exploited with 
modern horizontal drilling technology. 
 
1.1    Research Objectives 
This research project was designed around gaining a thorough understanding of the 
Heath’s potential as a resource play target, and does this by meeting two primary objectives: 1) 
conducting a petroleum system analysis of regional stratigraphy in the Big Snowy Trough of 
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central Montana with an emphasis toward identifying the Mississippian Heath Formation’s 
contribution to this system, and 2) performing a source rock assessment of the Heath Formation. 
In regard to the first objective, the goal is to apply a more restrictive view on the 
petroleum system present in central Montana as compared to previous studies (Kranzler, 1966; 
Cole and Daniel, 1984; Rinaldi, 1987; Aram, 1993b; Cole and Drozd, 1994), by focusing in on 
the elements and processes of the system contained within the Heath Formation itself. The 
broader view of this petroleum system has led to only marginal payoff with the use of 
conventional reservoirs strategies; the total historical production  is estimated at 137 million 
barrels of oil (MMBO), as compared to the estimated remaining 1.37 billion barrels of 
recoverable resources out of the Heath’s own source and carrier beds in central Montana 
(calculated volumetric estimate from this study that is shown in Chapter 7). In using a focused 
view, the goal is to gain a detailed understanding of the Heath’s stratigraphic and geochemical 
framework, and thus be able to develop a detailed model of the restricted petroleum system 
contained within. Doing this should yield adequate data to generate informed hypotheses 
regarding areas where there is probable hydrocarbon accumulation, and reasonable potential to 
exploit this accumulation. This information will provide a deeper understanding of the regional 
petroleum geology associated with the Heath, and will help guide efforts that attempt to test this 
revamped resource play approach for exploration in central Montana. 
The second objective of this research project mainly serves the first. It entails performing 
a detailed source rock analysis of the organic-rich shale beds within the Heath Formation using 
programmed pyrolysis data, total organic carbon measurements (wt. % TOC), vitrinite 
reflectance values (% Ro), basin maturity models, and calculated oil generation rates in barrels 
per-acre-ft, the result of which allow assessment of the quantity, quality, and maturity of the 
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organic matter it contains. With some extrapolation, this information, combined with data from 
previous work, underpins the basis for mapping the most prolific petroleum generating source 
beds across the basin, assists in producing volumetric estimates and timing of HC’s generated 
and expulsed, and, in turn, provides a key component to defining the Heath petroleum system.  
Thus, the purpose of this research is to serve as a real-world assessment of the Heath 
petroleum system, a potential unconventional tight oil resource play that is currently gaining 
attention within industry. This evaluation of the Heath’s source and reservoir potential within a 
petroleum system framework will directly serve as a valuable academic and industry resource as 
interest in exploration and development of the Heath continues to grow. 
 
1.2    Geologic Setting for the Heath and the Big Snowy Trough 
The Heath Formation was deposited in the Late Mississippian period when the central 
Montana region was inundated by a shallow seaway located off the western coast of the North 
American craton, what was then considered to be the western edge of the supercontinent of 
Laurentia. This seaway covered the continental margin and flooded the continental shelf for 
hundreds of miles across much of the Laurentia coast. Locally, due to differential subsidence and 
structural movements, this seaway filled a basin referred to as the Central Montana Trough 
(Roberts, 1979, p. 223), i.e., the Big Snowy Trough (Peterson, 1981, p. 9). The Heath interval, 
which includes marginal marine shale and carbonate lithologies, was deposited within this 
shallow sea as the uppermost formation of a transgressive marine sequence known as the Big 
Snowy Group. The Kibbey Formation, a basal, littoral sandstone, along with the Otter 
Formation, a marine shale, respectively underlie the Heath, and all three formations together 
make up the Big Snowy Group. 
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Deposition of the Big Snowy Group within the Big Snowy Trough was controlled 
tectonically by a structural sag with an E-W trending axis that extended from the Cordilleran 
Miogeosyncline on the cratonic margin to the west all the way to the intracratonic Williston 
Basin to the east. This downward flexure started developing roughly around the onset of the 
Mississippian period and continued into the Pennsylvanian period, and is believed to have been 
caused by reactivated basement faults (Cat Creek, Musselshell Lineament) associated with failed 
Proterozoic rifting. As Maughan (1984) suggests, these remnant structures retained inherent 
weaknesses that gave way to compression and differential uplift of the Alberta Shelf to the north 
and the Wyoming Shelf to the south, all in concurrence with tectonic subsidence of the trough 
region itself, thus developing a graben-like feature across the area. The result of this tectonic 
activity left a well-defined topographic low that, subsequently, was filled with the Mississippian 
Big Snowy Group sediment during a marine transgression. Figure 1.3 depicts this 
paleogeographic geometry where the trough is bordered by the Milk River uplift and Alberta 
Shelf to the north, the Musselshell Lineament and the Wyoming Shelf to the south, and the 
broader lowland of the Williston Basin to the east. 
 As time progressed into the Pennsylvanian period, slight uplift across the whole region, 
including the Trough, caused some of the more eastern areas of the shelf to become subaerially 
exposed. This generated partial erosion and incision of the upper Heath by the deltaic and fluvial 
Tyler sandstone deposits, thus, producing an unconformity that defines the boundary between the 
Mississippian Heath and the Pennsylvanian Tyler Formations. Subsequent subsidence ensued 
after the Tyler was deposited and the region became, yet again, inundated by marine waters 
(Maughan and Roberts, 1967; Maughan, 1984). 
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During the Post-Pennsylvanian to Pre-Jurassic time period more dramatic episodes of 
uplift occurred in the region; one was to the south along the Musselshell Lineament, associated 
with the rise of the Ancestral Rockies in Colorado,  and the other to the north due to the Milk 
River Uplift on the Alberta Shelf (Maughan and Roberts, 1967). The combined effect of these 




Figure 1.3: Modified from Maughan, 1984; depicts the geometry of the Big Snowy Trough and 
how this is controlled by the differentially uplifted highlands of the Alberta and Wyoming 
Shelves to the north and south. The study area for this thesis is approximately defined by the red 
box. 
Topographical highs adjacent to the Big Snowy Trough had extensive erosion that 
removed any remnants of the Heath and most of the Big Snowy Group along these highlands, 
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thus leaving the narrow stratigraphic expression of the Big Snowy Trough in the lower relief 
region. A map from Derkey et al.’s Montana Bureau of Mines and Geology study showing the 
Big Snowy Group’s and Heath’s occurrence in Montana outlines this limited extent (Figure 1.4). 
 
 
Figure 1.4: Regional map highlighting the occurrence of the Big Snowy Group and Heath 
Formation across central Montana. The boundary of the Big Snowy Group represents erosional 
limits; modified from Derkey et al., 1985.   
 
 
The narrow occurrence of the Big Snowy Group sediment is the remaining extent of Late 
Mississippian deposition in central Montana today, and is what defines the boundaries of the Big 
Snowy Trough. Thus, it is clear that tectonic events throughout the Carboniferous and into the 
Mesozoic controlled the development of the Trough itself. A more detailed description of these 
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events along with a broader discussion of central Montana tectonics from the Proterozoic eon 
through the Tertiary will be presented in Chapter 3. 
 
1.3    Central Montana Stratigraphy Primer 
 The rock record in central Montana contains stratigraphic units as young as Late 
Cretaceous to Early Tertiary which are seen at the surface in central and eastern portions of the 
Big Snowy Trough. Specifically these strata include units from the Montana Group (Bearpaw 
Shale, Judith River Formation, Claggert Shale, and Telegraph Creek Formation) and the Upper 
Cretaceous undifferentiated group (Hell Creek Sandstone and Shale). Further to the west near the 
eastern flanks of the Big Snowy Mountains, uplifted strata crop out and date from the Late 
Paleozoic including the Heath Formation and other members of the Big Snowy Group. This 
surface geology is illustrated by the regional geologic map in Figure 1.5 which outlines the 
central Montana region. 
Figure 1.6 depicts a stratigraphic column representative of the complete rock record in 
this region, and is based on a compilation of knowledge gained from outcrop work, subsurface 
investigations from well-logs, and seismic lines and core, all of which were compiled from 
numerous studies dating back to the late 1800’s. A brief discussion of the units comprising this 
section is provided below in order to introduce a general background of stratigraphy for the 
reader. Greater detail surrounding the stratigraphic units of the Heath Formation and their 
adjacent lithologies in the Otter and Tyler Formations will be presented in Chapter 4.  
Archean high-grade metamorphic and plutonic crystalline rocks and Precambrian Belt 
Supergroup rocks represent the basal portion of the stratigraphic column. These are overlain by 




Figure 1.5: Geologic map of central Montana that highlights geologic units occurring at the 






Cordilleran miogeocline which was adjacent to the margin of the North American craton at this 
time. Formations of note within this section of the column include the Red River, Three Forks 
and the Bakken (Smith and Gilmour, 1979). The deposition of these variable lithologies was 
influenced by the complex tectonic activity of the Antler Orogeny off to the west which caused 
cratonic uplifts and minor transgressions and regressions locally. 
 Up section from the Bakken and other lower Paleozoic units lie the rocks of the Madison 
Group which, in ascending order, include the Lodgepole, Mission Canyon, and Charles 
limestones. These are Early-to-Middle Mississippian in age and are separated from the older 
Paleozoic units by an unconformity. These were deposited during the multiple stages of 
transgression-regression of the Madison seaway that extended eastward onto the margins of the 
North American craton, covering the Big Snowy Trough region as well as the Alberta and 
Wyoming Shelves. 
The Big Snowy Group unconformably overlies the Madison Group, and, as discussed in 
the previous section 1.2, represents yet another transgressive sequence. This particular 
transgression was caused by the eastward flooding of the Big Snowy Sea onto the shelf and 
trough area along the margin of the North American craton. The basal unit of the Big Snowy 
Group, the Kibbey sandstone, was deposited during a period of tectonic transition. During the 
Middle Meramecian (Middle Mississippian) there was another pulse of local uplift believed to be 
influenced by another phase of the Antler Orogeny (Maughan and Roberts, 1967); this caused 
the withdrawal of the Madison seaway and exposed the coastal shelf and trough areas to erosion. 
The Kibbey sands were deposited during this emergent period. Then as the continental margin 
began to subside again, more dramatically so in the trough due to weaknesses along the bounding 




 Figure 1.6: Stratigraphic column for central Montana. Figure highlights the Heath Formation 




and brought with it the subsequent deposition of the Otter Formation which consists of intertidal 
and shallow subtidal green shale and thin limestone units, followed by the dark gray-to-black 
organic-rich marine shale facies and carbonates of the Heath Formation. Inferred differential 
subsidence within the trough suggests that there were thicker deposits of the Big Snowy Group 
along its axis, and thinner deposition to both the north and south towards the trough margins. 
  The Amsden Group directly overlies the Heath within the trough, and these units are 
believed to be separated by a regional unconformity. This erosional surface developed from a 
brief period of subtle regional uplift during the Early Pennsylvanian that was influenced by the 
initial phase of Ancestral Rockies orogenic activity to the south, which caused the trough area to 
become subaerially exposed, and to endure a period of depositional hiatus (Mundt, 1956; 
Maughan and Roberts, 1967; Maughan 1984). In ascending order, the Amsden Group of central 
Montana consists of the Tyler and Amsden Formations. The Tyler is situated at the base of the 
section and consists of sandstone and limestone lenses that developed in a littoral zone along the 
continental margin (Maughan, 1984). These coarser units are generally interbedded with and 
then succeeded by marine and non-marine multicolored shale. The Amsden Formation directly 
overlies and is conformable with the Tyler. It is mostly limestone interbedded with dolomite 
beds toward the upper portions of the section. The Tyler and Amsden Formations of the Amsden 
Group represent yet another regressive-transgressive cycle within the trough region. 
 Following deposition of the Amsden Group, another regional unconformity developed 
due to further uplift associated with Ancestral Rocky Mountain Orogeny to the south, but also to 
the onset of the Milk River Orogeny on the Alberta Shelf to the north (Maughan and Roberts, 
1967). The result of these events created a significant period or emergence and depositional 
hiatus in the trough area from the Late Pennsylvanian all the way through the Triassic, causing 
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moderate erosion of the Amsden strata. Deposition in the trough area picked up again in the 
Middle Jurassic with the Ellis Group, which consists of, in ascending order, the Piper limestone 
and shale, Rierdon shale and silts, and Swift sandstone. These deposits accumulated following 
the transgression of the Jurassic Sea, also known as the Sundance Sea, from the north (Maughan 
and Roberts, 1967). 
 Another minor period of uplift in the region caused slight erosion off the top of the Swift 
sandstone (Norwood, 1965), and yielded deposition of the Morrison Formation locally which 
consists of multicolored sandstone and shale. 
 Significant subsidence of the region occurred through the remainder of the Jurassic and 
for most of the Cretaceous. During this time, central Montana was covered initially by the 
Jurassic Sea and then by the Cretaceous Western Interior Seaway, thus most of the units 
deposited were marine lithologies including shale and minor amounts of limestone and 
sandstone. These units include, in ascending order, the Kootenai Sandstone (Cat Creek 2 and 3), 
Dakota Sandstone (Cat Creek 1), the Colorado Group (Skull Creek, Muddy, Thermopolis, 
Mowry, Belle Fourche, Greenhorn, Carlile, and Niobrara), and the Montana Group (Telegraph 
Creek, Eagle, Claggert, Judith River, Bearpaw, and Fox Hills). Continued subsidence yielded 
ongoing deposition of this stratigraphic section throughout this whole time period, and thus all 
these strata are regionally conformable. 
 From the very Late Cretaceous and into Early Eocene time, central Montana and the Big 
Snowy Trough region began to endure the effects of the Laramide Orogeny, and with that came 
the onset of very significant regional uplift, and the regression of the Western Interior Seaway. 
During this regression, mud, silt and sand of the Hell Creek Formation were infilling the 
prograding margins of land as waters receded to the north. This period of deposition marks the 
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last preserved stratigraphic record within this area; younger Cenozoic strata have since been 
removed by continual erosion of the region, first from the full extent of uplift caused by the 
Laramide, and then by the ensuing hiatus and subaerial exposure that has gone on since. 
That concludes the summary of central Montana stratigraphy. Historical variations in the 
stratigraphic nomenclature, especially regarding naming conventions and stratigraphic 
boundaries used for the Big Snowy and Amsden Groups will be described and illustrated in the 
next section, 1.4.1. 
 
1.4    Previous Research of Record 
 The literature addressing the Heath Formation of central Montana covers a variety of 
separate but interrelated topics that are relevant to this thesis. These include: 1) general central 
Montana stratigraphy that defines the Big Snowy Group (Kibbey, Otter and Heath Formations), 
and the overlying Amsden Group (Tyler, Alaska Bench and Amsden Formations), 2) the 
chemical composition and source rock characteristics of the Heath Formation, and 3) theories 
and tactics in hydrocarbon exploration that aim to exploit occurrences where the Mississippian 
Heath source rocks are in close proximity to the Pennsylvanian Tyler and Amsden sandstone and 
limestone reservoir rocks. The following discussion will summarize the information in each, 
analyze the relevant ideas, and frame how the research completed in this thesis will provide an 
extension to the previously established body of work done on the Heath Formation. 
 
1.4.1    Central Montana Stratigraphy 
Classification of central Montana stratigraphy dates back to the late 19th Century and has 
undergone numerous iterations over the years. Figure 1.7 summarizes the most significant 
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iterations.  A. C. Peale was the first to name and describe some of these rocks near Three Forks, 
Montana in 1893. He studied units ranging from the Mississippian Madison Group up through 
the Jurassic Ellis Group which contained both the Mississippian Big Snowy and Pennsylvanian 
Amsden Groups; at the time, he named this whole section the Quadrant Formation. 
In 1922, O. W. Freeman reassessed the stratigraphy and decided to split up the Quadrant 
into the Mississippian Madison Group at the base followed by an unconformity, and then worked 
up through Mississippian and Pennsylvanian units: Kibbey, Otter, Tyler sandstone, unnamed 
shale, and Alaska Bench Limestone. He based this interpretation off observations made on the 
eastern flanks of the Big Snowy Mountains in Fergus County, southwest of Lewistown, 
Montana. 
Scott (1935) reinterpreted this same section of rocks. He designated the dark shale 
limestone beds above the Otter as the Heath Formation, dropped the Tyler sandstone designation, 
and named these beds (the sandstone, and red-tan shale and limestone) above the Heath the 
Amsden Formation because of their similarity to the Amsden Formation lithology in northern 
Wyoming. He was the first to recognize the Kibbey, Otter and Heath Formations as a single 
conformable sequence. He called them, collectively, the Big Snowy Group.  
Mundt (1956) strayed from Scott by defining the Heath as a restrictive inter-bedded black 
shale and limestone section that is separated from the overlying sandstone and red-tan shale units 
by a regional unconformity based on evidence from outcrops in the Big Snowy Mountains area 
and well-log interpretations from wells penetrating the subsurface to the east. He renamed the 
above sandstone and shale the Tyler Formation, and the capping limestone the Alaska Bench 
Formation, thus remaining aligned with Freeman’s work. Mundt, however, retained Scott’s Big 





Figure 1.7: Development of nomenclature for Mississippian and Pennsylvanian rocks in central 
Montana. Peale, Freeman, Scott, Mundt, and Gardner had the greatest influence on selecting the 
formation boundaries. Mundt’s nomenclature is the most widely accepted in the petroleum 




 L. S. Gardner (1959) disagreed with the proposed evidence for Mundt’s interpretation 
which places an unconformity between the Heath and Tyler Formations. Gardner instead 
believed that the Heath was conformable up through the sandstone units (defined as Tyler by 
Mundt), and drew a gradational contact between the dark gray to black shale and the red-tan 
shale. Anything contained within the darker rocks was considered Heath, and anything above in 
the lighter colored shale was given a new name, the Cameron Creek Formation. The capping 
limestone retained its Alaska Bench designation. 
 Following the development of the above opposing nomenclatures from Mundt and 
Gardner, most geologists have aligned and agreed with either one or the other. Paleontologists 
tend to agree with Gardner based on the fossil assemblage data he put forth, and the subsequent 
paleontological work that has been done since (Easton, 1962; Williams, 1983; and Grogan and 
Lund, 2002). The analyses of these data suggest that no clear sequence boundary exists between 
adjacent sediment from Mundt’s Heath and Tyler distinctions, thus indicating that these units are 
conformable and should not be separated by an unconformity. This group accounts for the 
erosional surfaces as being local phenomena that were not widespread. 
 Other geologists, especially stratigraphers and sedimentologists associated with the 
petroleum industry, tend to prefer Mundt’s interpretation. They accept the erosional surfaces as 
being valid evidence for a significant unconformity, and interpret these as being truly regional 
sequence boundaries. They find substantiation of this interpretation from subsequent years of 
well-log and seismic data analyses. They believe the stratigraphy suggests a change in the 
depositional system from purely marine (Heath) to more of a mixed marine and fluvial system 
(Tyler). They interpret the Tyler Sand units as key evidence for this regional unconformity and 
influx of clastic sediment into the basin. 
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Mundt’s nomenclature (defined unconformity between the Heath and the Tyler) is 
assumed in this paper. There are two reasons for this: 1) sequence stratigraphic principles 
strongly suggest the presence of an unconformable surface when a non-Waltherian shift has 
occurred, and this seems evident in the boundary separating the marine Heath shale and 
limestone units from the fluvial Tyler Sandstone and shale, and 2) the petroleum industry has 
wholly adopted Mundt’s interpretation and so it seems to be the most relevant to the objectives in 
my research. A listing of significant stratigraphic work done on central Montana stratigraphy is 
presented in Table 1.1. 
 
Table 1.1: Papers pertaining to central Montana stratigraphy (continues on next page) 
  
Author Year Title 
Aram, R. B. 1993a Geologic controls on Tyler sand: Lessons from Sumatra 
Field area 
Derkey, P. D., 
Abercrombie, F. 
N., Vuke, S. M. 
and Daniel, J. A. 
1985 Geology and oil shale resources of the Heath Formation, 
Fergus County, Montana 
Easton, W.H. 1962 Carboniferous formations and fauna of central Montana 
Gardner, L.S. 1959 Revision of Big Snowy Group in central Montana 
Grogan, E.D. and 
Lund, R. 
2002 The geological and biological environment of the Bear 
Gulch Limestone (Mississippian of Montana, USA) and 
a model for its deposition 
Manley, F.H. and 
Kim, C.D. 
1985 Seismic stratigraphy and modeling in central Montana 
Maughan, E. K. 1975 Paleotectonic investigations of the Pennsylvanian System 
in the United States, Part I: Introduction and regional 
analyses of the Pennsylvanian System: Montana, North 
Dakota, northeastern Wyoming, and northern South 
Dakota 
Maughan, E. K. 1984 Paleogeographic setting of Pennsylvanian Tyler 
Formation and relation to underlying Mississippian rocks 
in Montana and North Dakota 
Maughan, E. K. 
and Roberts, A. E. 
1967 Big Snowy and Amsden Groups and the Mississippian-
Pennsylvanian boundary in Montana 
Maughan, E. K., 
and W. J. Perry Jr. 
1985 Lineaments and their tectonic implications in the Rocky 
Mountains and adjacent plains region 
Mundt, P.A. 1956 Heath-Amsden strata in central Montana 
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Author Year Title 
Nelson, W. J. 1992 Basement control of recurrent faulting, central Montana 
Norwood, E.E. 1965 Geological history of central and south-central Montana 
Peal, A. C. 1893 The Paleozoic section in the vicinity of Three Forks, 
Montana 
Peterson, J. A. 1981 General stratigraphy and regional paleostructure of the 
Western Montana Overthrust Belt 
Roberts, A. E. 1979 Paleotectonic investigations of the Mississippian System 
in the United States, Part I: Introduction and regional 
analyses of the Mississippian System: Northern Rocky 
Mountains and adjacent plains region 
Sando, W. J. 1976 Mississippian history of the Northern Rocky Mountains 
Scott, H. W. 1935 Some Carboniferous stratigraphy in Montana and 
northwestern Wyoming 
Smith, D. L., and 
E. H. Gilmour 
1979 The Mississippian and Pennsylvanian (Carboniferous) 
Systems in the United States - Montana 
Walton, P.T. 1946 Ellis, Amsden, and Big Snowy Group, Judith Basin, 
Montana 
Williams, L.A 1983 Deposition of the Bear Gulch Limestone: a 
Carboniferous plattenkalk from central Montana 
Willis, R.P. 1959 Upper Mississippian-Lower Pennsylvanian stratigraphy 
of central Montana and Williston Basin 
Woodward, L. A. 1981 Tectonic framework of disturbed belt of west-central 
Montana 
Woodward, L. A. 1996 Tectonic ancestry of central Montana and its influence on 
inversion tectonics 
 
Table 1.1 Continued 
 
1.4.2    Source Rock and Geochemical Analyses 
 The Heath’s excellent source rock character has been well established through a variety 
of studies. Initial work done by Cox (1970) and Desborough, Poole and Green (1981) utilized 
modified Fischer oil-assay analyses to show that organic-rich Heath shale had generated 
significant amounts of oil; the data set contained samples from outcrops adjacent to the Big 
Snowy Mountains, in Fergus and Golden Valley counties, that exhibited oil content ranging from 
7-14 gallons per ton. 
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 Studies put forth by Swetland, Clayton and Sable (1978), Cole and Daniel (1984), and 
Derkey et al. (1985), reveal greater detail around the Heath’s organic matter (OM). They all 
reported high TOC values regionally (5.5-19.9 wt. %), but low OM maturity (0.49-0.65 % Ro) in 
the west near the Big Snowy Mountains (Fergus and Golden Valley counties). Rinaldi (1987) 
echoed reports of high TOC in his work (5-20 wt. %), and established the idea of an increasing 
trend of OM maturity (0.70-0.87 % Ro) based on vitrinite reflectance values further east into the 
basin where the Heath dips down to over 5,000 ft total vertical depth into the subsurface in 
Musselshell and Rosebud counties. Aram (1993b) reaffirms Rinaldi’s maturity assessment with 
additional Ro data ranging from 0.69-0.99% in the subsurface out in the eastern areas of central 
Montana (Petroleum, Garfield and Rosebud counties). 
 Geochemical work (chromatography and spectrography) done by Rinaldi (1987), Aram 
(1993b), and Cole and Drozd (1994) all corroborate that organic-rich Heath Shale contains the 
source rock for oils produced out of the Tyler and Amsden Formations, hence confirming that 
the Heath is, in fact, an excellent hydrocarbon source in areas where it has reached adequate 
maturity levels (eastern subsurface of the Big Snowy Trough). 
  In summary, the cumulative knowledge regarding the Heath’s source rock 
character is already fairly substantial and well established (Table 1.2); however, the potential for 
further contributions still exists in order to develop a clearer picture of the source rock’s 
variability in maturation in the eastern basin where the Heath is present in the subsurface. This is 
the location where the source rock analyses of this study are mostly applied. 
 
1.4.3    Historical Exploration Strategy for Heath-Tyler-Amsden (!) System 
 The first oil production in central Montana started in the early 1920’s where wells 
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Table 1.2: Papers pertaining to Heath source rock and geochemical analyses  
Author Year Title 
Aram, R. B., 1993b Source rock study of central Montana 
Cole, G.A. and 
Daniel, J.A. 
1984 Thermal maturity trends of the Heath Formation, Fergus 
County, Central Montana in Hydrocarbon source rocks of 
the greater Rocky Mountain region 
Cox, W.E. 1970 Fergus County Research Project - Evaluation of Heath-Tyler 
oil shales 
Desborough, 
G.A., Poole, F.G. 
and Green, G.N. 
1981 Metalliferous oil shales in central Montana and northeastern 
Nevada 
Rinaldi, G.G.L. 1987 Oil-source studies in central Montana: Correlations and 
migration implications 
Swetland, 
Clayton and Sable 
1978 Petroleum source-bed potential of Mississippian-
Pennsylvanian rocks in parts of Montana, Idaho, Utah and 
Colorado 
 
perforated reservoirs in the Heath and Tyler Formations. In the 1940’s and 50’s, the largest fields 
to have ever been found (Sumatra, Stensvad, and Big Wall Fields) were discovered and produced 
out of the Heath, Tyler, and Amsden Formations, but mostly out of the Tyler (MBOGC, 2012). 
Based on these early successes, the exploration strategy in central Montana was to drill on major 
visible surface structures. Inconsistent results, however, raised subsequent concern and caution.  
In the 1960’s geologists started to piece together how the discovered accumulations 
developed. Kranzler (1966) was the first to publish key ideas aimed at defining the petroleum 
system in central Montana. He assessed successes and failures of previous exploration, and 
recognized that accumulations could be associated with locations where both the reservoir rock 
(Tyler Sands) and source rock (organic-rich Heath Shale) were present and adjacent to each other 
in the stratigraphy forming combination structural-stratigraphic valley-fill traps. Thus he 
established the idea that the Heath Formation contained the key source rock that made the 
petroleum system viable. He further hypothesized that present-day structures were not the key, 
but rather it was the development of paleostructure from pre-Jurassic tectonics that controlled the 
25 
 
stratigraphic association of Tyler sandstone units with adjacent Heath source beds. Based off of 
work done by Norwood (1965), Kranzler argued that present day structures (Sumatra anticline, 
Ivanhoe anticline, Alice dome, Porcupine dome, Cat Creek anticline) had been inverted from 
previous synclinal folds to these positive structures as a result of Laramide deformation, and that 
the older synclines provided the favorable conditions for hydrocarbon expulsion, migration and 
accumulation from the Heath to the Tyler. 
 Subsequent authors, including Fanshawe (1978), Maughan (1984), Rinaldi (1987) and 
Cole and Drozd (1994), concurred with Kranzler and built upon these founding ideas. Fanshawe 
(1978) cited pre-Jurassic paleostructural conditions as the main control on hydrocarbon 
migration from Heath to Tyler and that present-day accumulations occur only in areas where 
these previous conditions have not been significantly altered. 
 Maughan (1984) added to the discussion by accentuating the significance of the 
stratigraphic relationship between the Tyler and the Heath. He described the lithology of the 
Heath, noting its excellent source rock characteristics as being derived from a local marine 
basin’s restricted environment. Then he described the shift in environmental conditions to a 
fluvial/marginal marine setting at the start of Tyler deposition, this being caused by influx of 
terrigenous sediment. He further explained that this change created a juxtaposition of the Tyler 
channel sands with the organic-rich Heath source beds that is quite evident in the regional 
stratigraphic record. Using this discussion, he illuminated the close association between the 
sands of the Tyler and the source beds of the Heath, and the potential efficiency that could be 
generated from this petroleum system given the right conditions within the stratigraphy, i.e. 
Tyler channels incising into Heath source beds. 
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 Rinaldi (1987) took the Heath-Tyler interpretation from Maughan a step further. He 
proposed a new control on the petroleum system. Based on the author’s own geochemical work, 
and the research done by others (Derkey et al., 1985), Rinaldi argued that accumulations are not 
only controlled by juxtaposition of the Tyler and Heath, but that they are also dictated by the 
maturity of the OM in the Heath source beds. He argued that accumulations only appear to occur 
in areas where the Heath beds were exposed to greater burial depths within the paleo-synclinal 
folds. It is only at these greater depths that the conditions were adequate for kerogen to become 
converted to begin onset of hydrocarbon generation. Thus, Rinaldi suggested that both 
paleostructure and source maturation are equally as important to hydrocarbon accumulation 
occurrence. 
 Cole and Drozd (1994) reiterated the findings of previous work discussed above, and 
emphasized that the best way to optimize exploration efforts in this basin and in this petroleum 
system is to continue building upon the limited known extents of the Tyler Sand occurrences, 
and to update maturity trends recognized in the Heath source beds with each new set of acquired 
data. Their greater contribution though, considering new technology options, was reporting that 
based on volumetric calculations only about 40% (generalized estimate) of the oil generated 
from the Heath source beds has migrated into the Tyler reservoirs. This means that because of 
very short migrating distances between the Heath and Tyler, and the existence of good seal 
integrity in the system, much of the roughly 60% of remaining hydrocarbons still are contained 
within the Heath source beds themselves.  
In summary, the unifying theme in past exploration strategies for central Montana (Table 
1.3) was to focus in on the potential provided by the Heath-Tyler-Amsden (!) system, and to 
better understand the stratigraphic variability in the reservoir targets (mainly the Tyler 
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Sandstones), and the maturity trends of the source rock. The most notable finding in this work, 
however, is determining that the majority of HC’s generated by the Heath (around 60%) are still 
in place within the Heath. If this is the case, then the Heath section could contain the most 
significant remaining reservoirs in the Big Snowy Trough basin, and yet are essentially 
untapped. The development of horizontal drilling technology provides the potential solution to 
exploiting the Heath if enough porosity (volumetric storage), and fracture permeability can be 
found or induced in the thin carbonate units to produce hydrocarbons at economic rates. This 
potential substantiates the motivation for the work done in this study. The goal was to develop a 
better understanding of the Heath stratigraphy and source rock character in attempt to find areas 
where this new approach to exploration can be tested. 
 
Table 1.3: Papers pertaining to exploration strategy for Heath-Tyler-Amsden (!) system 
Author Year Title 
Maughan, E. K. 1984 Paleogeographic setting of Pennsylvanian Tyler Formation 
and relation to underlying Mississippian rocks in Montana 
and North Dakota 
Aram, R. B. 1993b Source rock study of central Montana 
Cole, G.A. and 
Drozd, R.J. 
1994 Heath-Tyler (!) petroleum system in central Montana, U.S.A. 
Fanshawe, J.R. 1978 Central Montana tectonics and the Tyler Formation 
Great Northern 
Gas Company 
2010 Central Montana Heath Prospect, Geologic Report 
Kranzler, I. 1966 Origin of oil in lower member of Tyler Formation of central 
Montana 









The methodology for this study focuses on meeting the two primary objectives stated in 
the Introduction. To recap, these are 1) conduct a petroleum system analysis of regional 
stratigraphy in the Big Snowy Trough of central Montana with an emphasis toward identifying 
the Mississippian Heath Formation’s contribution to this system, and 2) perform a source rock 
assessment of the Heath Formation. The remainder of Chapter 2 is divided into three sections. 
The first describes the data sets used, the second discusses the steps taken to meet study 
objectives, which include 1) tectonics and structural overview of central Montana, 2) detailed 
stratigraphic analysis of all Heath units and adjacent lithologies, 3) source rock analysis and 
characterization of organic-rich Heath beds, 4) volumetrics calculation based on oil-generation 
potential, and 5) Heath petroleum system model construction, and lastly, the third section defines 
the study area.  
 
2.1    Data 
 The following discussion describes the data collected and analyzed in this study. The data 
sets include: 1) well-logs, 2) measured sections from own field work, 3) outcrop photographs, 4) 
gamma-ray scintillometer surveys, 5) core descriptions from Montana Bureau of Mines and 
Geology oil shale resource study, 6) core descriptions from author’s core observation and 
analysis, 7) core photographs, 8) petrographic thin section and thin section photographs, 9) 
Google Earth satellite imagery, 10) programmed pyrolysis, wt. % TOC, and vitrinite reflectance 
data set, 11) porosity, permeability, and fluid saturations data, 12) x-ray diffraction data, 13) 
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present-day heat flow data, and 14) paleosurface temperatures. A map displaying the locations of 
the well-logs, measured sections, cores, and geochemical data set is shown in Section 2.3, Figure 
2.6. This map also defines the extent of the study area. 
 
2.1.1    Well-logs 
 Gamma Ray (GR), caliper, spontaneous potential (SP), resistivity, and neutron-density 
logs were acquired for 518 well locations across the study area in central Montana. Logs for 512 
of these locations were accessed through Endeavour International’s download account with TGS. 
Logs for four other well locations were provided directly by Endeavour, as these sites are owned 
and operated by Endeavour and Endeavour’s joint venture partners. Logs for another two 
locations, recently drilled by Cirque, were accessed through the Montana Board of Oil and Gas 
Conservation Commission (MBOGC). All well-log files were uploaded into IHS’s Petra 
geologic interpretation software. 
 These well-logs served as the main source of data for stratigraphic interpretation and 
correlation across the study area, thus facilitating the creation of multiple cross-sections, 
structure maps, and isopach maps. In addition, interpretation of formation tops from these well-
logs facilitated the generation of basin maturity models, as well as volumetric calculations. Also, 
bottom-hole temperatures were obtained in order to calculate and map the geothermal gradient in 
the region. 
 
2.1.2    Measured Sections 
 Three outcrop locations were selected for measured section sites based on topography 
reconnaissance using Google Earth satellite imagery, and by referencing Derkey et al.’s surface 
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geology map (sheet 1, 1985) that covered a 15 x 18 mile area along the eastern flank of the Big 
Snowy Mountains southeast of Lewistown, Montana. The three sites were selected based on 
accessibility, and relative quality of outcrop exposure within the Heath Formation. 
 It should be mentioned that there are no localities that provide exposure to the full suite 
of Heath beds, and only minimal localities that provide even some exposure. Generally, very few 
sections of the Heath remain preserved at the surface. This is due to the fact that the Heath’s 
dominant lithology is shale, and shale weathers very easily into low angle slopes, thus being 
altered from its original depositional state. The locations selected for measured section contain 
some of the carbonate lithologies that occur in the middle-to-upper portions of the Heath. These 
carbonates are more durable than the shale, and thus have withstood weathering over time and 
remain partially intact at these locations along with minor amounts of adjacent shale beds. Much 
of the overlying and underlying beds within the Heath in these areas, however, have been 
weathered and eroded greatly, thus limiting the extent of the sections being measured and 
described. 
 Each measured section was carried out by using a 1.5 meter Jacob staff and an 
inclinometer to measure thicknesses appropriately. In addition, a Brunton compass was used to 
record strikes and dips of these beds in order to ensure precision with each resetting of the Jacob 
staff for thickness measurements. For the well-exposed outcrops within the section, detailed 
notes regarding lithologic and stratigraphic character of each of the beds was taken and 
represented in a hand-drawn stratigraphic column. For the portions of the section that contained 
severely weathered or covered rock units, notes were taken regarding any clues (e.g. soil 
coloring, character of float) to the potential lithology that should have occurred had the section 
been left intact. The thickness of these covered sections was represented in the stratigraphic 
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column using a crossed-out symbol. A record of field notes and stratigraphic columns for 
measured section work completed at each site were kept in a field notebook. Reproductions of 
the stratigraphic columns from this work for the Heath sections are provided in Appendix A.  
Measured section #1, referred to as the Alaska Bench site, is located along the southwestern 
slope of Beacon Hill which sits on Half Moon Ranch just east of Red Hill Road about 18 miles 
southeast of Lewistown, MT (Lat: N46.84297, Long: W190.26208); this location, among other 
measured section locations, is shown on the map in Figure 2.1. Verbal permission was granted 
for access to the site. The stratigraphic section described here extends from the top of the Otter 
Formation at its base up through the lower beds of the Pennsylvanian Amsden Formation, locally 
referred to as the Alaska Bench Formation, as this lithology is a cliff former that occurs along the 
ridges of many of the valleys in this area. The hillside here is called the Alaska Bench because 
these Amsden limestone beds have extensive exposure at this location forming a 100 foot cliff 
face that is 1.5 miles long. This measured section site was chosen for its relatively 
comprehensive exposure of stratigraphy spanning the Otter, Heath, Tyler and Amsden 
Formations; although, very few intact Heath beds are present. This is because, locally, the Tyler 
Sandstones deeply incised into the Heath, leaving only the basal shales of the Heath in this area. 
Google Earth satellite image snapshots highlighting the interpreted formation boundaries and 
outlining the path for the measured section are shown in Figure 2.2. 
Measured section #2, referred to as the Tyler Creek site, is situated along a road cut on 
the eastern side of Tyler Creek Road about 0.75 miles south of the junction between Tyler Creek 
Road and South McDonald Creek Road. This location is approximately 4.6 miles southwest of 
Forestgrove, MT (Lat: N46.94416, Long: W109.14956); no permission was required as this 
outcrop is situated on public land.  The map in Figure 2.1 provides regional context. The 
Figure 2.1: Aerial map of far western region in study area. Map indicates locations of measured section sites, and the Montana 






Figure 2.2: Satellite imagery of the Alaska Bench Site from Google Earth with annotations 
showing (A) the measured section path along the outcrop, and (B) the interpreted formation 




stratigraphic section exposed along this road cut is fairly limited, containing only 37 feet of 
Heath lithologies including portions of organic-rich black shale and limestone interbeds 
recognized here as being a part of Derkey et al.’s (1985) informally designated Forestgrove 
member of the Heath Formation which will be discussed in detail in Chapter 4. This site was 
chosen because of its accessibility, and because it exhibits key source and carrier-bed lithologies 
associated with the restricted Heath petroleum system. A Google Earth image and photograph 
are provided in Figure 2.3 highlighting the observed lithologies along with the measured section 
transect. 
Measured section #3, referred to as the Stonehouse Canyon site, sits along the 
southeastern-most flank of the Big Snowy Mountains where Mississippian and Pennsylvanian 
strata begin dipping steeply into the subsurface, and thick units of Amsden limestone form 
southward-facing chevrons. The canyon itself is accessed by driving north from Lavina, Montana 
on East Red Hill Road and other subsidiary access roads for about 25 miles until the intersection 
of E. Red Hill Road and Ray Creek Road is reached. A right turn onto Ray Creek Road is taken, 
at which point the route heads east for 2.5 miles to the junction with Cameron Creek Road. At 
Cameron Creek Road, the route takes a left turn and heads north again continuing on Cameron 
Creek Road until a two-track is reached (2.75 miles). The route then heads west on this two-track 
paralleling the base of the chevron formed ridgeline to the north, and continues until it reaches 
Stonehouse Canyon Ranch. Once at the ranch, the canyon is accessed by foot following a faint 
trail heading to the north along a seasonal creek bed. The termination point of the canyon is 0.25 
miles up this trail. As with the other measured section sites the map in Figure 2.1 provides 
regional context for this location. Permission to access this land was required, as the canyon is 







Figure 2.3: Satellite imagery of the Tyler Creek Site (A) from Google Earth showing the 
measured section path along the outcrop, and (B) the interpreted lithologies of organic rich shale 
and carbonate beds present within the middle portion of the Heath Formation.  
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by Randy Hegge. The actual canyon cuts southward through the previously described dipping 
stratigraphy and exposes portions of units from the Kibbey, Otter, Heath, Tyler, and Amsden 
Formations (up-section direction is to the south). Outcrop locations for each of the formations 
occur sporadically across the canyon floor and its gently sloping canyon walls. Large portions of 
section are covered or missing due to weathering and erosion, just as was the case with 
previously discussed sections.  
The actual measured section site for the main Heath beds is located on the eastern slope 
of the canyon about a half-mile north of the canyon’s termination point (N46.67840, 
W109.11088). As with the Heath lithologies at the Tyler Creek site, the Heath beds here consist 
of limestone units interbedded with dark gray-to-black organic-rich shale from the Forestgrove 
Member. The harder, more durable Forestgrove carbonates here preserved this portion of the 
Heath’s exposure and allowed for decent description and analysis at this point in the section. The 
Stonehouse Canyon site, overall, was chosen because of its relatively extensive exposure of 
multiple formations, and because it provides access to key source and carrier-bed lithologies 
within the Heath Formation itself, as was the case at the Tyler Creek site. Google Earth images 
are provided in Figure 2.4 highlighting the interpreted formation boundaries and outlining the 
path for the measured section. 
The overall utility in the analyses of these measured sections was three-fold in that they 
provided 1) context for lithologic interpretation, 2) a sub-set of stratigraphic data for regional 









Figure 2.4: Satellite imagery of the Stonehouse Canyon Site from Google Earth with annotations 
showing (A) the measured section paths along outcrop exposures, and (B) the interpreted 
formation boundaries within the Stonehouse Canyon and Road Canyon areas.  
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2.1.3    Outcrop Photographs 
 More than 150 photographs were taken in total at the outcrop locations while measuring 
section, and were used to supplement lithologic and stratigraphic interpretation, as well as 
provide visual aide for purposes in this thesis manuscript. Key photographs are used in Chapter 4 
to help illustrate discussed ideas and interpretations. 
 
2.1.4    Gamma-Ray Scintillometer Survey 
 Two separate GR scintillometer surveys were conducted at the measured section sites; 
one at Tyler Creek, and the other at Stonehouse Canyon. These two sites were selected for their 
exposure of organic-rich shale and carbonate beds of Derkey et al.’s (1985) Forestgrove 
Member. The surveys were run over these key sections in order to create a GR curve that could 
then be loaded into the Petra project and used to correlate with well-log data from subsurface 
wells both locally and regionally in the study area.  
The scintillometer survey device was borrowed from the Colorado School of Mines 
(CSM) Department of Geophysics. To gather data from this device, its sensor must be placed 
flush with the rock surface being surveyed and allowed to record for about 60 seconds at each 
point location. Twenty-nine survey points were taken at Tyler Creek, and 24 points at 
Stonehouse Canyon. 
The device collects concentration counts of Thorium (Th) and Uranium (U) radiation in 
parts per million (ppm) and Potassium in percent concentration, K%. This raw data set was 
converted to standard petroleum industry GR log API units using the following equation that was 




GR API = (8 x U ppm) + (4 x Th ppm) + (16 x K%)      (2.1) 
 
Once the data set was converted, the GR values were loaded into Petra and turned into GR log 
curves for comparison and correlation with other well-log data. The raw data and calculation 
spreadsheet for this conversion is provided in Appendix B.  
 
2.1.5    Montana Bureau of Mines and Geology Core Descriptions 
 Four core descriptions of near surface cores from Derkey et al.’s Montana Bureau of 
Mines and Geology study (1985) of the Heath Formation as an oil shale resource were 
referenced, and  used directly as core lithology data for measured sections  in the Petra project 
built for this study. The locations of these cores occur within the 15 x 18 mile area that was 
mapped by Derkey et al. (sheet 1 in that publication), and that was used to select measured 
section locations; thus, these cores are relatively close in proximity to the measured sections 
carried out in this study. The specific core descriptions came from the following cores as named 
in the MBMG study: Cox Ranch, Heath, Middle Bench, and Red Hill cores. These descriptions 
can be found in Appendix A of that study. Their locations are marked on the map in Figure 2.1.   
Their descriptions served as useful stratigraphic references for the data acquired from the 
measured sections, and helped to refine the stratigraphic correlations across the far western 
portion of the study area.  
  
2.1.6    Core Descriptions from Endeavour and USGS Core 
 Core descriptions for four sets of Endeavour and Endeavour partner-owned Heath cores 
were acquired at Weatherford Labs in Golden, Colorado. These cores came from the following 
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wells located within the eastern half of the study area on the plains of central Montana: State 16-
13-35 #1 and Cherry Creek 34-14-37 #1 (both Endeavour operated), and Poseidon 1H-5 #1 and 
Zeus 1H-13 #1 (both Central Montana Resources operated).  Approximately 530 feet of core was 
analyzed from these wells. Another set of Heath core (130 feet) was analyzed and described at 
the USGS Core Research Center, located on the campus of the Denver Federal Center. This core 
came from the ARCO operated Coastal BNRR #1-3 well, which is also located in the eastern 
half of the study area on the plains of central Montana. All five well locations for these cores are 
indicated on the map in Figure 2.6 of subsection 2.3. Their descriptions are incorporated as 
sketched stratigraphic columns with annotated notes, and are provided in Appendix C. 
These core descriptions were used to 1) assess lithologic character, 2) interpret facies and 
facies associations, 3) interpret depositional settings, and 4) provide controlled data points for 
well-log formation top interpretation and correlation across the entirety of the study area. 
 
2.1.7    Core Photographs 
 A total of over a hundred photographs of the core sets were referenced to assist with 
lithologic and stratigraphic interpretation. Forty of these were taken by Weatherford Labs for the 
State, Cherry Creek, Poseidon, and Zeus core sets. Endeavour granted permission for these to be 
accessed. The remaining photographs were taken by Chip Oakes of Endeavour, and the author, 
and included the Endeavour and Endeavour partner cores, as well as the Coastal BNRR core 
accessed at the USGS Core Research Center. Key photographs are used in Chapters 4 and 6 to 





2.1.8    Petrographic Thin Sections 
 Thin section photographs, taken by Weatherford Labs, of 47 Heath samples were 
acquired and analyzed from the Zeus and Poseidon cores. Multiple Heath facies types were 
sampled including black shales and carbonate beds from the Forestgrove Member, as well as 
shale, mudstone and coal from the Upper and Lower Heath strata.  
 Petrographic analysis of these thin sections served to 1) refine lithologic description and 
interpretation for defined facies and facies associations, 2) identify fossil content, 3) interpret 
stratigraphic microstructures including desiccation cracks, algal matting, sediment grading, 
bedding planes, as well as remnant evaporite and dolomite crystallization, and 4) assist in 
depositional environment interpretation. Photographs of these thin sections are incorporated in 
Chapter 4 as needed to illustrate key observations. 
   
2.1.9    Google Earth Satellite Imagery 
 Various images from measured section locations and from broader views of the study 
area regionally were acquired from Google Earth. Snapshots of these images were taken and 
converted to jpeg files. These images were then adapted to show key stratigraphic boundaries 
and thicknesses, and measured section transects, as well as used to help provide geographic 
context for the data sets throughout the study area. The format for these Google Earth images 
follows Google permission guidelines, and the images’ inclusion abides by Federal fair use 
copyright laws. 
 
2.1.10    Pyrolysis, Wt. % TOC, and Vitrinite Reflectance Data 
A combined data set including the combination of programmed pyrolysis (S1, S2, S3, HI, 
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OI, PI, Tmax), wt. % TOC, and vitrinite reflectance parameter values from 277 sample points 
was collected. Data for 208 of these sample points were acquired through Endeavour by their 
purchased license for access to GeoMark Research’s Central Montana Resource Potential Study 
data set. Data from the other 69 sample points were provided directly by Endeavour from their 
own core sample tests run on the State, Cherry Creek, Poseidon, and Zeus cores. A table of the 
raw data set, excluding location details due to the data’s proprietary nature, is provided in 
Appendix D. 
 The analysis of this data suite, based on techniques described in Peters’ (1986) 
publication Guidelines for Evaluating Petroleum Source Rock using Programmed Pyrolysis, and 
in Dembicki Jr.’s (2009) publication Three Common Source Rock Evaluation Errors, served to 
assess the petroleum generative potential of source beds within the Heath Formation. Three main 
organic matter (OM) characteristics of these source rocks were evaluated: 1) quantity, which was 
analyzed using a wt. % TOC and S2 crossplot, 2) quality, analyzed through modified van 
Krevelen plots, and 3) maturity, which was assessed through Tmax and vitrinite reflectance 
value analysis and mapping. Details of these evaluations are discussed in Chapter 5, and 
referenced in Chapters 6 and 7. 
 
2.1.11    Porosity, Permeability, and Saturation Data 
 Endeavour collected 48 samples of potential carrier-bed limestone and dolomite 
lithologies from the Heath cores (State, Cherry Creek, and Zeus wells) for porosity and 
permeability testing, along with fluid saturation analysis. This data set was made available by 




 The analysis of the porosity and permeability values of these carbonate units 
supplemented the overall assessment of the quality of these beds as potential carrier-beds within 
the restricted Heath petroleum system defined in this study. A description of this assessment is 
provided in Chapter 4, and is referenced again in Chapter 6. 
 
2.1.12    X-Ray Diffraction Data 
 As with the porosity and permeability data, x-ray diffraction (XRD) data was also 
collected by Endeavour and made available for this study. This data set consists of 80 sample 
points from the spectrum of lithologies represented in the Endeavour Heath cores (State, Cherry 
Creek, Poseidon, and Zeus wells). A table of these values is provided in Appendix F. 
 Analysis of the XRD data supplemented the overall assessment of lithologies for 
identified Heath facies types, as well as provided context for interpretation of the type of 
organisms originally sourcing the OM content in the Heath source beds. These analyses are 
discussed in Chapter 4. 
 
2.1.13    Present-Day Heat Flow Data 
   This heat flow (HF) data set for central Montana was acquired, at no cost, through 
Southern Methodist University’s online database and can be accessed at the following URL: 
http://smu.edu/geothermal/georesou/usa.htm. by following the link on this webpage to the 
Montana data set. This data consist of present-day HF values (mW/m2 units) for various 
locations across Montana, and were loaded in Petra and used to generate a contour map of HF 
across the study area. Because HF is an input parameter for basin maturity modeling, the map 
was then interpreted for HF values at the seven well locations used for the basin maturity 
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models. A discussion addressing the creation process and interpretation of these maturity models, 
generated by Platte River Associates, Inc.’s BasinMod program, is provided in Chapter 5. 
 
2.1.14    Paleosurface Temperature Data 
 Paleosurface temperature data are also an input parameter used in the BasinMod basin 
maturity modeling program. These values were interpreted from a geologic time versus latitude 
versus surface temperature plot presented in Barker’s A Paleolatitude Approach to Assessing 
Surface Temperature History for use in Burial Heating Models, (2000). The Wind River latitude 
location trend line on this plot is assumed to be similar enough location to central Montana, and 
thus was used for the basis of paleosurface temperature estimates at various time periods 
extending back to 350 Ma. This plot and the associated paleosurface temperature data table is 
shown in Figure 2.5.   
 
2.2    Methods Used 
 The discussion in this section outlines the methodology for the steps taken to meet the 
overall study objectives. These steps included 1) tectonics and structural overview of central 
Montana, 2) a detailed stratigraphic analysis of all Heath units and adjacent lithologies, 3) a 
source-rock analysis and characterization of organic-rich Heath beds, 4) volumetrics assessment 
based on oil-generation potential data, 5) a restricted petroleum system model construction and  
assessment, and finally 6) an overall assessment of the data sets in terms of their indications for 








Figure 2.5: The graph displays geologic time versus latitude, with paleosurface temperature 
contour lines overlain on top; this graph is from Barker, 2000. The table displays the interpreted 
temperatures along the 45 degree latitude line at 50 million year increments from present day 






2.2.1    Overview of Central Montana Tectonics and Structure 
 This initial step entailed conducting a review of research done on central Montana 
structures including fundamental studies by J. Nelson (1992), W. Shepard (1987), and L. 
Woodward (1981, 1996). The work conducted in these studies interpreted fault displacement 
evidence within the stratigraphy along with surface structural occurrences and geometries to 
develop an understanding of the tectonic history that has occurred in the area. The compilation of 
these fundamental structural event ideas in combination with the findings from multiple 
sedimentology and stratigraphy studies in the area (Maughan, 1975, 1984; Maughan and 
Roberts, 1967; Peterson, 1981, 1987; Roberts, 1979; Smith and Gilmour, 1979), helped guide a 
synthesis of the most influential tectonic events that shaped central Montana stratigraphy as it 
exists today. A summary of the tectonic evolution of central Montana was formulated based on 
this synthesis and is presented in Chapter 3. This summary provided a tectonic context for the 
Heath Formation deposition within the Big Snowy Trough which helped build a more thorough 
understanding of the Heath’s stratigraphic character and assisted with the interpretation of the 
Heath’s depositional environments. These things combined assisted in the process of modeling 
the central Montana petroleum system regionally which was one of the key objectives. 
 
2.2.2    Stratigraphic Analysis of the Heath Formation 
The next step was to conduct a stratigraphic analysis of the key Heath Formation units, 
including the organic-rich shales and the carbonate carrier-beds of the Heath B unit, along with 
underlying and overlying lithologies within the Heath, and of the underlying Otter Formation and 
overlying Tyler Formation where available in the data set.  
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This analysis was accomplished through a multitude of tasks that included: 1) measuring 
and describing stratigraphic sections containing the Heath and other adjacent formations (Otter 
and Tyler) at outcrop sites in the western portion of the study area, 2) describing the available 
Heath core sets from wells located in the central and eastern portions of the study area, 3) 
interpreting and describing facies and facies associations present within the Heath, and where 
available in the core, the lithologies in the overlying Tyler Formation, 4) interpreting and 
correlating key lithologic horizons through the well-log, measured section, and core-data sets 
combined, 5) analyzing petrographic thin sections of core samples to gain further understanding 
of the Heath facies as well as porosity and permeability properties of both the source rock and 
carrier bed units within the Heath, 6) interpretation of facies, facies associations, sedimentary 
structures, and fossil content to assess depositional environments for the Heath lithologies, 7) 
mapping structure and thickness (isopachs) of the key Heath lithologies in order to determine 
regional facies trends and paleogeographic character within the study area. A discussion of the 
results of this stratigraphic analysis, including the assessment of key cross sections, structure 
maps, and isopach maps is presented in Chapter 4. 
Conducting this detailed analysis of Heath Formation strata was integral to developing an 
understanding of how the key lithologies (organic-rich shale, carbonate carrier-beds), 
representing petroleum system elements, varied in terms of thickness across the study area. Thus, 
this step in the data analysis served as the main component to mapping out the Heath petroleum 
system element lithologies, and, in later steps, was integrated with the assessment of source rock 
characterization (Chapter 5) for selecting highly prospective areas for resource play 




2.2.3    Heath Source Rock Analysis 
 The next step entailed an analysis of source rock characteristics of the organic-rich shale 
beds present within the Heath Formation with the goal of understanding its full potential for 
generating hydrocarbons. The geochemical data set, including programmed pyrolysis parameters, 
% TOC, and vitrinite reflectance, was used to analyze source rock quantity (or richness), quality, 
and maturity of the Heath source beds. The results of this analysis, in conjunction with those 
from the stratigraphic analysis and from the basin maturity models generated from BasinMod, 
were used in later steps to interpret regions within the study area with the greatest source rock 
generative potential. This assisted in the overall construction of the Heath petroleum system 
model, and in guiding the selection of highly prospective areas for resource play development. 
The detailed source rock assessment is discussed in Chapter 5. The Heath’s source bed 
contribution to the overall petroleum system is covered in Chapters 6 and 7. 
 
2.2.4    Heath Petroleum System Model 
This assessment was accomplished by developing a stand-alone petroleum system model 
for the units within the Heath Formation itself. This model identified the key petroleum system 
elements (source, reservoir, and seal beds) by integrating the key facies defined in the 
stratigraphic and source rock analyses. The facies representing these petroleum system elements 
included lithologies from the organic-rich shale and carbonates of the Heath B carbonates, and 
the Cox Ranch units, and sealing shales in the Upper and Lower Heath units. The distributions of 
these elements were mapped across the study area as isopachs, and were analyzed in order to 
assess the best locations for play development based on stratigraphic trends recognized. These 
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maps of system elements along with some evidence supporting occurrence of system processes 
are presented and discussed in Chapter 6.  
 
2.2.5    Oil Generation-Based Volumetrics 
Calculating the volume of hydrocarbons in place and recoverable in the petroleum system 
was the next step conducted in the study. Although this step was not integral to the two main 
objectives, it still served as a relevant point to address because it provides the key piece of 
information for building motivation in industry to explore development opportunities in the 
Heath by estimating the amount of oil left to be recovered. 
The volumetrics calculations used in this study were based off the oil-generative potential 
of the source beds within the Heath. Oil generation potential was quantified using the 
methodology presented in Peters et al. (2005), and is that of G.E. Claypool. Based on Claypool’s 
methodology, this potential is represented by the amount of organic matter (TOC) that has been 
consumed for oil generation during the transformation process. The first step in calculating this 
number is to calculate the amount of original TOC (TOC original) that was present in the source 
beds at the time of their deposition. With that quantity, and the amount of TOC present in the 
source rocks today (TOC present-day which is provided in the source rock data set), the amount 
of TOC used in HC generation can be calculated by subtracting TOC present day from TOC 
original. This value of TOC used on HC generation can then be used to calculate the amount oil 
generated per acre-foot of source rock.  
These steps were followed to determine the oil generation rate that took place at each 
well location where TOC and pyrolysis data were available. Next, average thickness of the 
source beds was determined (based on the stratigraphic analysis results). Then, an oil generation 
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rate contour map was developed using the pyrolysis data to determine zones for oil generation 
rate, and then to determine the area within each of the zones. The thickness of the source rock 
beds along with the generation rate zone areas were used to calculate the amount of potential 
hydrocarbons in place in barrels per acre-foot. And finally, a recovery factor and the historical 
production sourced by the Heath were taken against this OOIP estimate to project a potential 
amount of barrels of oil to be recovered in the study area. The details outlining the steps and 
results of each step for these calculations are presented in Chapter 7, which estimate the amount 
of hydrocarbons projected to still be in place in the restricted Heath petroleum system.  
 
2.2.6    Assessment of Heath as Resource Play Target 
 The final methodological step in this project entailed synthesizing the findings from all 
analyses conducted, including the stratigraphic and source rock assessments, and the petroleum 
system model. Specifically, the conclusions from the petroleum system work were compared to 
the maturity trends revealed in the source rock analysis. This was done to generate a refined 
assessment of the greatest potential play locations in the study area, and to determine what the 
future of exploration holds for the Heath as a resource play. A discussion of these assessments is 
provided in Chapter 7. 
 
2.3    Study Area Defined 
 The study area is located in the heart of central Montana and covers a rectangular plot 
that is 130 miles across (W-E) by 55 miles long (N-S). It extends from the eastern flanks of the 
Big Snowy Mountains out onto the prairie towards Miles City, MT, and is about 70 miles due 
north of Billings, MT. The boundaries of the study area were selected based on the stratigraphic 
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extent of the Heath Formation both on the surface and in the subsurface within the Big Snowy 
Trough, and the location of mineral leases held by Endeavour International Corporation, the 
sponsoring exploration and production company. The map in Figure 2.6 provides a frame of 






































Figure 2.6: Map of the study area with data set locations indicated including well-log locations (well symbols), outcrop sites, 





CENTRAL MONTANA TECTONICS 
 
 The parts of central Montana that contain the Heath Formation and the Big Snowy 
Group, in general, lie along the northern Great Plains, east of the Rocky Mountains. The 
crystalline basement rock in this region is composed of high-grade metamorphic and plutonic 
lithologies. As discussed in Chapter 1, this basement rock is overlain by 3,000-4,500 ft of 
sedimentary units ranging in age from the Mid-Proterozoic through the Eocene. Outcropping 
strata are mostly Cretaceous with some occurrences being draped by Quaternary alluvium. 
Basement faults that were active during the Laramide Orogeny (Late Cretaceous-Early Tertiary) 
are expressed at the surface as folds producing monoclines, asymmetrical anticlines, and en 
echelon domes and shallow faults, while other basement faults are concealed by overlying 
undeformed Cretaceous units. These subsurface structures are known mainly from well-log 
records, core, and seismic lines acquired by the petroleum industry. A base map illustrating the 
existing remnant structures in the area is shown in Figure 3.1. 
The occurrence and character of the aforementioned structural features are directly 
related to the complex tectonic events and evolution that have taken place in central Montana, 
and it is these events that have shaped the limited stratigraphic extent of the Heath Formation and 
other members of the Big Snowy Group. Studies done in the area suggest that tectonic events as 
early as the Proterozoic have had an influence on lithology, thickness and geographic extent of 
these units mostly because of multiple reactivated movements and inversion along basement 
faults that have occurred since their initial ruptures in the Proterozoic. This chapter provides a 
descriptive summary of some of these key tectonic events that have shaped the character and 
Figure 3.1: Post-Laramide regional map. Highlights remnant structures formed from Laramide deformation. The beveled extent 




architecture of the Heath Formation, other members of the Big Snowy Group, and the overall 
stratigraphy of central Montana in general, and will step through a chronological history of these 
major tectonic events and their resulting effects. Appendix H contains paleogeographic 
illustrations composed by Dr. Ron Blakey (2012), Professor Emeritus of the Northern Arizona 
University Geology Department, for each of the discussed time periods starting with the 
Cambrian. Explicit permission has been granted by Dr. Blakey for the inclusion of these 
diagrams in this thesis. These provide a useful geographic context for the tectonic events 
occurring around the study area, and the effects these events have on the depositional 
environment. The reader should reference these as needed. 
 
3.1    Proterozoic 
 During Middle Proterozoic time, western and central Montana were situated in the inner 
regions of the supercontinent known as Columbia (Rogers and Santosh, 2002). It is hypothesized 
by W. Shepard (1987) that around 1600 Ma, a mantle plume developed from a heat build-up 
deep in the subsurface below this portion of Columbia that, in turn, caused the regional crust to 
bulge. In theory, trigonal rifting followed, and the Columbia supercontinent began to split apart 
separating the North American Craton from the crustal conglomeration of Australia, India and 
portions of Africa. Figure 3.2 provides a diagram illustrating the relationship and orientation of 
the continents involved.  
During the rifting phase, basement faults developed within the rift zone, creating horst 
and graben fault blocks from listric normal fault deformation. These Proterozoic structural 
features are believed to have been the underpinnings for many of the tectonic events that 
followed (Nelson, 1993; Woodward, 1996). By 1400 Ma, the N. A. Craton had been completely 
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separated from the other continents, and the paralleling rift zone formed a rapidly subsiding 
basin known as the Belt Basin. The remnants of Belt Basin are represented by Belt Supergroup 
strata that consist of shallow water sedimentary rocks, and which are located in western 
 
 
 Figure 3.2: Diagram of rift zone that broke up the supercontinent of Columbia starting around 
1600 Ma. The failed arm of the rift zone extended into western Montana, and is highlighted 




Montana. An estimated 30,000 ft of Belt Supergroup units are believed to have been deposited 
within the axis of this basin (Winston, 1986). 
During the latter stages of the rifting phase, one of the three rift arms (developing in an 
inland direction onto the N. A. Craton) failed, thus forming an aulacogen that is referred to in the 
literature as the Montana Aulacogen (Maughan and Perry, 1986; Nelson, 1993; Woodward, 
1996). This structural feature is expressed as a dog-leg shaped salient of Belt Supergroup rocks 
that extends eastward from the Belt Basin of western Montana into central Montana. It is flanked 
to the north and to the south by west-to-east striking high angle basement faults (Cat Creek Fault 
on the north side; Perry Line Fault and Musselshell Lineament to the south) that are considered 
to be listric in nature based on their high angle geometries with dips in the 45°-70° range 
(Nelson, 1993). Nelson (1993) reports boreholes of similar depth penetrating younger Belt 
Supergroup units within the Montana Aulacogen region, while cutting into older Archean 
crystalline basement rocks beyond the extent of the confining faults to the north and to the south. 
This data provides supporting evidence for normal movement along these listric basement faults, 
and that they likely developed during the rifting phase of Columbia. Figure 3.3 illustrates the 
location of the structural features mentioned above.    
 
3.2    Cambrian-Ordovician 
 During the Middle-to-Late Cambrian, almost the entirety of Montana was situated on a 
marine shelf flanking the western shoreline of Laurentia (Appendix B - Middle Cambrian). 
Middle-to-Upper Cambrian strata formed a blanket of shallow marine siliciclastic and carbonate 
rocks during this time frame (Woodward, 1996). These unconformably overly the crystalline 
basement and Belt Supergroup strata referred to in the previous section. 
Figure 3.3: Proterozoic regional map. Highlights the edge of Laurentian Craton (Western North American), the extensional  





Evidence of tectonic activity can be observed from cross-cutting relationships of 
basement faults within this Cambrian section. In particular, Nelson (1993) describes 
displacement and thickening occurring within the Late Cambrian-Early Ordovician Emerson 
Formation across the SW dipping Cat Creek Fault, the northern confining fault to the Montana 
Aulacogen. Specifically, the Emerson strata on the northern side of the fault are approximately 
300 ft thicker than on the southern side, thus indicating significantly more accommodation space 
for the Emerson sediment to accumulate. In addition, a well on the north side only penetrates into 
this Cambrian sediment while another well of similar depth on the south side of the fault 
penetrates down into Quartzite of the Precambrian Belt Supergroup. The combination of 
observations made here indicate reverse movement (i.e., structural inversion) on the Cat Creek 
during deposition of the Emerson Formation with the southern block being up-thrown.  
The previous section of this chapter (3.1) provided evidence suggesting that the Cat 
Creek Fault initially developed as a basement listric fault during the Proterozoic rifting phase of 
Columbia. The displacement within the Emerson Formation indicates that inversion took place 
along the Cat Creek Fault during the Late Cambrian. The absence of Ordovician and Lower 
Silurian sediment in central Montana also indicates the occurrence of an inversion in the region 
(Woodward, 1996). Large geographic extents of Ordovician and Silurian deposits existing both 
north and south of the Montana Aulacogen further suggest that the central fault block within the 
Montana Aulacogen was inverted in the Cambrian, and was subaerially exposed at points during 
the Ordovician and Early Silurian due to its differentially high stature, thus causing episodes of 







3.3    Devonian 
Absence of significant thicknesses of Devonian sediment in central Montana is 
hypothesized to be caused by the development of a low lying, mildly positive, epeirogenic arch 
stretching NW-SE across the region (Peterson, 1981; Roberts, 1979; Woodward, 1996), as 
shown in Blakey’s Middle Devonian map (Appendix H). The presence of this arch exposed 
sediment deposited earlier in the Devonian to erosion in the Middle-Late Devonian. As a result, 
such formations as the Three Forks, Bakken, and Duperow have been locally thinned or removed 
(Roberts, 1979).     
In concurrence with the development of the regional arch during the Devonian, another 
episode of inversion occurred along the confining basement faults. Reverse displacement is 
inferred along the Cat Creek Fault zone based on stratigraphic interpretations suggesting the 
presence of Ordovician and Devonian beds north of the fault zone, but being absent to the south 
within the old aulacogen extent (Nelson, 1993). This trend suggests that the fault block, again, 
was inverted and sat topographically high and that the compressional stresses contributing to this 
local structure likely contributed to the formation of the regionally high arch (Woodward, 1996). 
Nelson (1993) postulates the regional compression going on in central Montana was derived 
from distant tectonic events. These are considered to be orogenic events that culminated during 
the Late Devonian, and included the formation of the Antler Orogeny (volcanic island arc) off 
the western coast of Laurentia, and the Acadian Orogeny (mountain building stage for the 
present day Appalachians) on the eastern flanks of Laurentia (Appendix H - Late Devonian). 
Nelson suggests that these intense, but distant, tectonic events managed to produce enough stress 




3.4    Mississippian 
   During the beginning of the Mississippian, following the culmination of the Antler 
 Orogeny, the western margin of the North American Craton (Laurentia) became quite stable. 
Central Montana was inundated by marine waters, transgressing from the west in an easterly 
direction onto the shallow marine shelf that had developed (Sando, 1976). The exposed arch that 
was present in the region during the Late Devonian was now completely submerged (Appendix 
H - Early Mississippian). Continuous deposition of thick carbonates (Madison Group) occurred 
at this time and continued through the Middle Mississippian in central Montana, and due to the 
large accumulations of sediment, the beginning of significant subsidence occurred marking the 
onset for the formation of a trough style basin referred to in the literature, and referenced in 
Chapter 1, as the Big Snowy Trough (Maughan and Roberts, 1967; Nelson, 1993; Roberts, 1979, 
Woodward, 1993). 
 During Middle-to-Late Mississippian (the middle and close of the Meramac period, and 
beginning of the Chesterian), an epeirogenic uplift in the western and central portions Montana 
as well as adjacent regions in Wyoming and western Idaho was believed to have occurred 
(Maughan and Roberts, 1967; Roberts, 1979; Sando, 1976) that caused a transition from 
carbonate to detrital sedimentation across all of central Montana. The tectonic source of this 
uplift is not well understood, but the influx of detrital sediment over the vast carbonate strata of 
the Madison Group is a clear stratigraphic indictor of the change that occurred, and signals the 
influence of tectonic activity. This epeirogenic uplift initially generated an emergence of the 
Madison carbonates exposing them subaerially that then led to the development of a karst 
lowland (Sando, 1976). Then, the development of another marine transgression from the west 
created the onset of deposition of the Kibbey sandstone, the basal unit of the Big Snowy Group. 
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Transition from deposition of the Kibbey to deposition of younger Big Snowy Group members 
(the Otter and Heath Formations) represented the continuance of this marine transgression from 
west to east across Montana; the Otter (green marine shales and limestones), and then the Heath 
(gray to black shales, limestone, and dolomite) represent the shift to dominantly marine facies in 
this transgression as compared to the littoral sands and silts of the Kibbey. Figure 3.4 illustrates 
the extent of the Big Snowy Group across Montana; note that these sediments are widely 
distributed at this point in time, and not limited to the Big Snowy Trough alone. 
 Slow, differentially greater subsidence of central Montana sediment continued during the 
deposition of the Big Snowy Group within the remnant boundaries of the Montana Aulacogen 
controlled by basement faults to the north and south (Cat Creek Fault and Musselshell 
Lineament). The Big Snowy Trough fully developed because of this differential subsidence, but 
it is unclear if normal type movement along the bounding faults occurred at that time to further 
enhance the subsiding trough geometry. No evidence of this movement is seen in subsurface data 
for the stratigraphy across these faults (Nelson, 1993). It is clear, however, that the Big Snowy 
Group and the thicker sediment within the Big Snowy Trough were deposited over and within 
the extent of the previously uplifted crustal block that was elevated during the Late Devonian, 
thus indicating that down-dropping movement of this same block could have occurred during the 
deposition of the Big Snowy Group to enhance its thickness. 
 It should also be pointed out that the extent of this transgressive seaway across Montana 
during the Late Mississippian is unknown. Later occurrences of uplift and erosion remove the 
true stratigraphic extents of the Big Snowy Group to the north and to the south, destroying any 
evidence of shoreline locations. The fairly consistent stratigraphic thicknesses of these members 
within the Big Snowy Group across the study area in central Montana indicate that the shorelines 
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likely were not in very close proximity, suggesting that they were potentially farther north in 
Montana, and near the Montana-Wyoming border to the south outside the boundaries of the 
trough region. Sando (1979) postulates a northern shoreline for Big Snowy Group to be in the 
very northern portion of Montana. Blakey’s Late Mississippian map (Appendix H - Late 
Mississippian) similarly interprets the locations of these shorelines. 
 
3.5    Pennsylvanian 
 Regional uplift centered around the Ancestral Rockies in Colorado took place near the 
end of Mississippian into Early Pennsylvanian following the deposition of 1,200 ft of Big Snowy 
Group rocks in central Montana (Maughan and Roberts, 1967). It is suggested by Maughan and 
Roberts (1967) that this uplift to the south caused epeirogenic up-warping all the way into central 
Montana thus ending deposition of the Big Snowy Group, and caused a significant transition 
from a marine environment to a combination of fluvial and littoral environments with an influx 
of detrital sediment (Appendix H - Early Pennsylvanian). It is believed that this transition 
marked the onset of deposition of the Tyler Formation, the basal unit of the Amsden Group. 
 Compressional stresses to the south began to have a stronger influence on regional 
tectonics in Montana; the southern fault zone along the remnant Montana Aulacogen and Big 
Snowy Trough (Musselshell Lineament) was reactivated again, this time with the fault block to 
the south of the zone (Beartooth Platform) being raised (Maughan and Roberts, 1967). This 
resulted in Big Snowy Group units being removed completely from the southern fault block, and 
being tilted, beveled, and partially removed on the northern block within the southern margins of 
the Big Snowy Trough area. Also during this time period (Early Pennsylvanian), Maughan 
(1984) suggests that initial uplift, although minor, took place to the north of the Big Snowy 
Figure 3.4: Late Mississippian regional map. Illustrates the widely distributed extent of Big Snowy Group sediment across  
Montana before subsequent erosion occurs (blue highlighted area represents Big Snowy Group deposition). Uncertainty remains 
regarding the location of shorelines around the sea during this time due to the subsequent erosion that takes place that removes the 




Trough in the Milk River Uplift zone in southern Canada into northern Montana. This uplift, 
along with the uplift south of the Musselshell Lineament, helped create a graben within the Big 
Snowy Trough region. Deposition of Tyler sands, silts, and mudstone gave way to Amsden 
limestone accumulation as tectonic activity stabilized temporarily and a marine transgression 
occurred within the area. 
 In Middle-to-Late Pennsylvanian time, however, another major pulse of uplift occurred 
both to the north (Milk River uplift) and south (Ancestral Rockies), as well as remnant Antler 
Orogeny movement to the west, raising much of central Montana to the point where significant 
erosion removed Amsden and Big Snowy Group Rocks completely outside of the Big Snowy 
Trough (Maughan and Roberts, 1967). Thus, the existence of the graben feature generated earlier 
in the Pennsylvanian allowed for deeper subsidence and a trough-type basin for Big Snowy 
Group sediment to accumulate in, and played a key role in preserving their existence throughout 
the Pennsylvanian. Figure 3.5 provides context for the location of the structural features 
discussed above. Blakey’s Late Pennsylvanian map (Appendix H) illustrates the significant 
amount of uplift occurring both to the north and to the south of the study area that contributed to 
the dramatic changes in the depositional environment during the Pennsylvanian. 
 
3.6    Permian-Middle Jurassic 
As mentioned in the previous section, continued uplift from the Milk River Uplift that 
took place in southern Canada into northern Montana led to significant erosion of the Big Snowy 
Group and Amsden Group sediment during Late Pennsylvanian; this beveling continued into the 
Early Permian. The renewed uplift to the south within the Ancestral Rockies region carried over 
into the Permian as well, and by the middle of the Early Permian, the development of a basin off  
Figure 3.5: Post-Pennsylvanian regional map illustrating the Big Snowy Group occurrence following erosion from Milk River and 




to the east of these highlands occurred in the western portion of North and South Dakota. The 
region in south-central Montana and northern Wyoming remained a lowland area separating the 
two uplifts to the north and south (Appendix H - Early Permian). 
 
3.7    Jurassic-Cretaceous 
 Little tectonic activity occurred from Middle Jurassic through the Early Cretaceous in 
central Montana. Eustatic and local sea level changes had the greatest influence on the 
stratigraphic record during this time. In the Jurassic, a major transgression of the Sundance Sea 
from north to south occurred across central and eastern Montana (Appendix H - Middle 
Jurassic), then regressed completely by Early Cretaceous with the craton becoming subaerially 
exposed again. Members of the Ellis Group and the Morrison Formation were deposited through 
this cycle. Then, in the later portion of the Early Cretaceous another seaway (Western Interior 
Seaway) transgressed again across the area from the north and was present to some extent all the 
way through the end of the Cretaceous (Appendix H - Late Cretaceous). Members of the 
Colorado and Montana Groups were deposited in the time period that this Seaway was present. 
 During the latter stages of the Cretaceous, tectonic activity resumed again in Montana. 
This began in western Montana with significant compressional stresses being introduced into the 
region, thus causing the onset of the Sevier Orogeny (130 Ma) that generated the Cordilleran 
Thrust Belt. Locally, significant uplift caused erosion of any Paleozoic sediment remaining, 
including the units from the Big Snowy Group, and thus created the boundary for the western 
extent of these rocks as shown in Figure 3.6 (Woodward, 1996). 
 
 
Figure 3.6: Late Cretaceous regional map. Highlights the western erosional edge of the Big Snowy Group created by the impact of 




3.8    Late Cretaceous-Early Paleogene 
 The Laramide Orogeny is estimated to have been active in central Montana during the 
very Latest Cretaceous into the Early Eocene (Nelson, 1993; Woodward, 1996), and is the key 
tectonic event for generating the common structural features seen in central and eastern Montana 
today. Compressional principle stress along a NE-SW trend, typical of most Laramide 
deformation in the Northern Rocky Mountain region, produced abundant NW-SE oriented 
structures within the study area including asymmetrical anticlines, synclines, and monoclines 
produced from foreland uplifts, as well as oblique (reverse, left-lateral) displacement across old 
reactivated basement faults, including those in the Cat Creek, and Musselshell Lineament fault 
zones. In addition, NE-SW oriented en echelon normal faults developed in the shallower 
sedimentary cover due to the left-lateral displacement occurring along the pre-existing basement 
faults (Nelson, 1993; Woodward, 1996). Igneous activity also occurred in the latter stages of the 
Laramide, producing laccolithic and intrusive centers within the region. One of the sills 
associated with this activity was radiometrically dated as 50.2 ± 1.1 Ma (Marvin et al. 1980), 
thus providing confirmation that Laramide activity continued into the Eocene. Figure 3.7 
displays the location of the most significant structures in the area. 
 In regards to this study, the most significant effect Laramide deformation had on the 
stratigraphy in central Montana was generating inversion along the basement faults. This 
displacement caused synclines from previous deformation to become anticlines, and previous 
anticlines to become synclines, thus rearranging the orientation of key elements in the central 
Montana petroleum system affecting the structural position of the source rocks from the Heath 
Formation, and reservoir rocks from the Tyler Formation (Norwood, 1965; Kranzler, 1966). 
Fortunately, hydrocarbon generation and migration took place prior to this inversion, during a  
Figure 3.7: Post-Laramide regional map. Highlights remnant structures formed from Laramide deformation. The beveled extent of 




time when the paleostructure was advantageous for HC generation and migration from the Heath 
source beds into Tyler reservoirs. A discussion of the effects that this source-reservoir 
association had on the central Montana petroleum system prior to Laramide inversion is 

























 The following sections in this chapter summarize the observations and results from the 
analysis conducted on Heath Formation stratigraphy and the overlying and underlying adjacent 
lithologies of the Tyler and Otter Formations. This analysis included the following steps: 1) 
interpretation of facies and facies associations based on observations made from core 
descriptions and measured section work, 2) identification of the well-log characteristics 
associated with facies types and correlation of these facies throughout the well-log data set, 3) 
interpretation of stratigraphic trends based on analysis of cross sections and isopach maps 
generated from well-log and measured section correlations, 4) paleontological assessment of thin 
section samples, 5) interpretation of the depositional setting and paleogeography based on facies 
analysis and stratigraphic correlation, and finally, 5) an assessment of key aspects of the Heath 
Formation stratigraphy that relate to petroleum system elements and processes, including 
porosity and permeability trends, lithologic features of the source rock interval, as well as 
thickness trends of key source rock and carrier-bed facies across the study area. A discussion of 
these steps follows, but first a general overview of the Heath Formation’s stratigraphic 
relationship to overlying and underlying formations is reviewed. 
 
4.1    Adjacent Strata to the Heath Formation 
 As mentioned in previous chapters, the Heath Formation is the upper-most member of the 
Big Snowy Group, a transgressive-regressive sequence that was deposited during Late 
Mississippian time. The Heath Formation’s is underlain by the Otter Formation which represents 
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an open marine shale facies in the transgression of the Big Snowy Sea onto the western 
Laurentian shelf; the boundary between the two is defined as a gradational contact because the 
transition to the more restricted marine setting for Heath deposition was gradual. In contrast, the 
Heath Formation is unconformably overlain by the Pennsylvanian (Morrow) Tyler Formation. 
The boundary here is a regional erosional contact generated by a regional Eustatic sea level drop 
and subtle tectonic uplift activity that occurred during the Late Mississippian into the Early 
Pennsylvanian between deposition of the Heath and Tyler Formations (Mundt, 1956; Maughan 
and Roberts, 1967; Maughan, 1984). The unconformity between the Heath and the Tyler marks a 
tectonic and sedimentilogic shift from the restricted marine environment which deposited rich 
source rock within the Heath to the overlying fluvial and littoral Tyler sandstones which 
represent the conventional reservoirs. A visual representation of this stratigraphy can be 
reviewed in Chapter 1, Figure 1.6 which shows a Central Montana stratigraphic column. 
 As a member of the Big Snowy Group, the underlying Otter Formation’s stratigraphic 
extent is very similar to the Heath and the Kibbey Formations. A map of this extent is shown in 
Chapter 3, Figure 3.7 where the Big Snowy Group occurrence is represented by the blue color-
fill. As with the Heath, the boundary separating the Otter from the Kibbey Formation is also 
conformable. The Otter’s thickness ranges regionally from 200-400 ft with thicker occurrences 
found in more western regions (Maughan and Roberts, 1967). The Otter is lithologically defined 
as predominantly greenish-gray shale, with minor occurrences of purple and black shale 
interbeds, and thin yellowish-gray argillaceous limestone interbeds (Figure 4.1). Deposition of 
Otter lithologies is interpreted as occurring offshore of the coastal marine Kibbey sandstone beds 

























Figure 4.1: Outcrops of the Otter Formation. A) Highly weathered, grayish-green mudstone at 
the base of the Alaska Bench measured section. B) Jointed limestone bed forming a small-scale 






As mentioned above, the Tyler Formation was deposited during a tectonically active 
period of the Late Paleozoic. Regional uplift to the south associated with Ancestral Rockies 
activity, and subtle epeirogenic arching from the Milk River Uplift to the north, created subaerial 
exposure locally causing a shift in sedimentation from fine-grained carbonates to predominantly 
poorly-sorted clastic material (Mundt, 1956; Maughan and Roberts, 1967; Maughan, 1984). This 
is evident when comparing the dark calcareous shales of the Heath with the fluvial and littoral 
sandstones and dark argillaceous shale of the Stonehouse Canyon member of the Tyler 
Formation. Granted, in some areas, the transition from Heath to Tyler is subtle given the 
similarities in the shale color of the Heath and Lower Tyler shale lithologies, but the 
predominant amount of clay in the Tyler shale lithologies help to make the distinction. In other 
regions, the sequence boundary between the Heath and Tyler is clearly erosional where Tyler 
sandstone directly overlies an unconformity that exhibits incision down into Heath beds. This 
erosion can be quite extensive at certain locations, down-cutting all the way into Middle and 
Lower Heath beds. This occurs in outcrop at the Alaska Bench site in Fergus County (Figure 
4.2), as well as in the subsurface out east in Garfield and Rosebud counties where Tyler 
sandstones were deposited along a lineation which is interpreted to be subaerial valley with 
subsequent fluvial and alluvial plain valley-fill. An isopach map of the Heath, which is shown 
later in this Chapter (Figure 4.29), indicates that sandstones of the Stonehouse Canyon member 
were deposited as basal valley-fill deposits along this lineated, incised trend that downcut into 
the Heath and reduced its thickness significantly in this area. This incised trend stretches from 
the northwestern region of Rosebud county to the north east up into Garfield county as defined 




   
Figure 4.2: Exhibits the Stonehouse Canyon sandstone unit incising into the Lower Heath unit at 
the Alaska Bench measured section site. This geometry is typical of the lenticular sandstones of 
the Stonehouse Canyon member across central Montana. 
 
 
 Based on variations in lithology, the Tyler Formation can be subdivided into three 
members. The basal Tyler unit, the Stonehouse Canyon Member discussed above, is composed 
of two dominant lithologies including lenticular, gray-to-tan, small-scale trough cross-bedded, 
poorly-to-moderately sorted sandstone interbedded with dark gray-to-black argillaceous shale 
(Figure 4.3). The middle member, referred to as the Bear Gulch Limestone, occurs intermittently 
across the region; it is prevalent along the northeast flanks of the Big Snowy Mountains, and in 
various locations in the subsurface in Musselshell, Garfield and Rosebud counties. The Bear 
Gulch Member is composed primarily of medium-to-dark gray, laminated micritic limestone 
with grayish-black, organic-rich calcareous shale (Figure 4.4). The upper-most unit of the Tyler 
is referred to as the Cameron Creek Member and is predominantly composed of red, parallel-
laminated to thinly bedded mudstone that has red-to-orange, herring-bone cross-bedded, 







Figure 4.3: Outcrop and core photographs of the Stonehouse Canyon Member of the Tyler 
Formation. A) Tan, moderately-sorted quartz sandstone from the Cherry Creek #1 well core. B) 
Lenticular gray-to-tan, small-scale trough cross-bedded quartz sandstone from the Alaska Bench 







































Figure 4.3 continued: D) Interbedded dark gray-to-black shale and sandstone from the 









































Figure 4.4: Cored section of the Bear Gulch Member of the Tyler Formation taken from the 









































Figure 4.5: Outcrop and core photographs of the Cameron Creek Member of the Tyler 
Formation. Outcrops occur at the Stonehouse Canyon measured section site. The core section is 








displays a generalized north-to-south cross-section of these Tyler members across the region 
which, based on Maughan and Roberts’ study location, represents the western portion of this 
study’s work area.  
 
 
Figure 4.6: Generalized N-S cross section of the Tyler Formation members’ geometry in the Big 
Snowy Trough. Developed by Mundt (1956), and presented in Maughan and Roberts (1967). 
 
The Tyler Formation, as a whole, ranges from 150-400 ft thick, and occurs extensively 
across central Montana with erosional limits to the north and south that nearly match the extents 
of the Big Snowy Group due to Post-Pennsylvanian-Pre-Jurassic erosion (Maughan, 1984). 
Based on Maughan’s interpretation, and from lithologic observations made from core and 
outcrop occurrences, the Tyler Formation consists of a sequence of beds that were deposited 
within a littoral region along a coastal margin. The Stonehouse Canyon Member lithologies 
suggest an influx of clastic sediment along with higher depositional energies indicating local 
uplift near the coast; these lithologies are a mix of subaerial and submarine deposition. The Bear 
Gulch Member indicates a fully marine environment locally where these deposits occur. The 
Cameron Creek Member suggests increased sedimentation rates along with oxidized, subaerial 
exposure. All of these varied depositional environments suggest that during Tyler time central 
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Montana was situated along a coastal seaway affected by regional tectonic activity and changes 
in sea level. Submarine gravity flows, along with barrier beach, lagoon, lake, marsh, swamp, bay, 
delta, fluvial, and alluvial plain environments were likely present. Maughan’s paleogeographic 
map (1984) illustrates the association of these environments in Figure 4.7. 
 
4.2    Heath Formation Facies and Facies Associations  
 Internal beds within the Heath Formation have some subtle lithologic variations, as core 
and outcrop observations have revealed, that play a role in defining key elements within the 
restricted petroleum system that is defined in this study. To best make sense of these variations, 
and to assist in identifying important lithologic characteristics in key Heath beds across the study 
area, a facies (i.e., individual lithologies) and facies association (i.e., depositional units) analysis 
was conducted. The output of this analysis defined nine different facies and five distinct facies 
associations within the Heath itself based on core, outcrop, thin section, x-ray diffraction, and 
porosity and permeability data set observations (description of these data sets are provided in 
Chapter 2). The synthesis of these observations into defined facies provided a model for the 
interpretation of distinct lithologies across the study area. From this information, interpretation 
about depositional cycles and variation in depositional environment could be made. The 
discussion to follow in this section provides a detailed description of each facies type, and then a 
description of the facies associations along with their interpreted depositional environment. A 
summary and facies key for these lithologic descriptions is provided in Table 4.1, and for the 
facies associations and depositional environment, in Table 4.2. A generalized stratigraphic 
column for the Heath, based on this facies analysis, is shown in Figure 4.8. 
 





Table 4.1: Facies (i.e., individual lithologies) descriptions based on core and outcrop rock sample 
observations. The symbol column provides the abbreviated symbol for each facies type; these 
symbols are used on the generalized stratigraphic column (Figure 4.8), as well as in text 





Table 4.2: Facies Associations (i.e., depositional units) interpretation descriptions based on 
observed associated occurrences of groups of facies within the core and outcrop sections. There 
associations were used to help define key internal sections of the Heath (Upper Heath, Heath A, 
Heath B, Cox Ranch, U-Marker, and Lower Heath). These units’ stratigraphic occurrences are 











































Figure 4.8: Generalized Heath stratigraphic column which designates informal Heath units as 
identified by lithologic analysis of core and outcrop rock samples from this study. Column 2 





4.2.1    Facies 1 (F1) 
 This facies is described as finely-laminated, dark-gray shale that is composed of a 
mixture of clay, carbonate and quartz grains. Figure 4.9 shows example sections of this lithology 
in the State #1 core and a thin section sample from the Poseidon core. The majority of the 
mineralogy is represented by clay (mainly illite, smectite, and kaolinite) at 60%, followed by 
about 20-30% carbonate grains (calcite and dolomite), and a minor amount of quartz and other 
secondary minerals. Cumulative stacked thicknesses of these beds range between 2-15 ft on 
average. In sections with higher clay content, the core exhibits a ratty, poker-chipped texture 
(Figure 4.9A). 
 F1’s finely laminated shale lithology is interpreted as being generated in a very low-
energy, near-shore, shallow marine environment being deposited from suspended sediment 
settling. In addition, this facies laminated, fine-grained, well-sorted texture is suggestive of the 
low-energy settling depositional process, and its carbonate content indicates a marine setting. 
F1’s adjacency to thin limestone beds and high clay content suggests a relatively shallow water 
column as would occur on a shelf seaway with nearby clastic sediment input; not a deep-marine 
setting. 
 
4.2.2    Facies 2 (F2) 
 This lithology is described as black, finely laminated, organic-rich shale with measurable 
amounts of pyrite and brachiopod occurrences in hand sample. F2’s appearance in core, outcrop 
and thin section is shown in Figure 4.10. This lithology is recognized as the most prolific source 




Figure 4.9: Facies 1 shale in Upper Heath. A) F1 is exhibited as the dark gray-to-black ratty, 
poker-chipped shale in core. Its lack of cohesiveness made it difficult to slab these sections (State 
#1 core). B) The slabbed core generally skipped over these more clay-rich intervals. C) Thin-





study (1985), and referred to as the Cox Ranch oil shale. This name was appropriated based on 
the unit’s initial recognition occurring from description of the drill core that was extracted from 
the William Cox Ranch located in Fergus County, Montana. X-ray diffraction (XRD) results 
from this Cox Ranch lithology show primary mineralogical constituents as being 40-60% clay 
(illite, smectite, and kaolinite), about 20% quartz, and 10-20% carbonate minerals (calcite and 
dolomite); pyrite content averages about 5% of the total mineral occurrence. Another observation 
of note when analyzing the core was the presence of mineralized (calcite) hairline horizontal 
fractures between some of the laminations; these are suggestive of hydrocarbon expulsion that 
took place at some point in the Heath’s burial history from resident kerogen within the organic-
rich beds (Figure 4.10A). Cumulative thicknesses of the Cox Ranch Shale generally range 
between 2-10 ft. 
 This organic-rich dark shale is interpreted as being deposited in a low-energy, restricted, 
shallow marine environment, where marine water is present, but severely uncirculated and 
protected from open-marine wave and tidal turbulence. Its dark color, high organic matter 
content (TOC averaging 9 wt. %), and association with pyrite suggest deposition in a severely 
anoxic environment with little-to-no open water exchange. Brachiopod shell fragment 
laminations present within the section suggest brief periods of storm currents and water 
circulation followed by a return of extreme anoxia where organisms were asphyxiated and their 
remains deposited along the substrate, thus forming layers of fossil debris within the Cox Ranch 
unit. The finely laminated structure of these beds indicates suspended sediment settling as the 
primary physical process of deposition. Greater amounts of quartz as compared to carbonate 
content suggest radiolaria as the main source of organic matter in these beds, with minor 




Figure 4.10: Facies 2 black shale representing the Cox Ranch unit. A) F2 appears as black shale 
with prevalent pyrite and minor brachiopod occurrences; mineral-filled horizontal fractures are 
also observed (Poseidon #1 core). B) Appears as dark shale in outcrop at the Tyler Creek site. C) 
Has fine grained texture in thin section with abundant clay and calcite matrix. D) Many bioclasts 
including partially replaced brachiopods are commonly observed in thin section as well 
(Poseidon #1 core sample). 
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4.2.3    Facies 3 (F3) 
 This facies is defined as greenish-gray, massive-to-blocky mudstone (Figure 4.11). Its 
appearance in the core shows a highly altered, severely weathered texture. XRD samples indicate 
anomalously high clay content which is nearly 70% of the mineralogy. Of this 70%, the majority 
is mostly randomly stratified mixed layered illite and smectite (39% of total mineralogy), and 
kaolinite (21% of total mineralogy). Minimal amounts of quartz and calcite were present (less 
than 13% each). Cumulative thicknesses of these green mudstones average around 4-5 ft. 
 This weathered mudstone lithology is interpreted as being a littoral, intertidal-to-
supratidal deposit that became subaerially exposed for significant amounts of time. Its 
occurrence as a tidal flat type deposit suggests tidal energy as the main physical process for 
deposition; the lack of visible laminations in these deposits is likely due to their presence being 
obscured from the severe alteration that took place due to weathering processes. This lithology’s 
depositional association with overlying coals in multiple occurrences, as is discussed in the 
facies associations section, indicates multiple fourth order transgressive-regressive cycles due to 
the relative thinness (< than 10ft) of these overall combined depositionally associated cyclotherm 
packages. These cyclotherms’ thinness suggests short periods of geologic time in which each 
individual cycle occurred (likely less than one million years). A cycle occurring between 0.2-0.9 
million years is defined as fourth order cycle (Vail et al., 1977). 
 
4.2.4    Facies 4 (F4) 
 This facies is described as black, vertically fractured, coal with obvious anhydrite and 
pyrite associations; a sample section from the Cherry Creek #1 core is shown in Figure 4.12. The 




Figure 4.11: Facies 3 grayish-green weathered mudstone exhibited in the Cherry Creek core. A. 
Shows F3’s weathered character in the butt section of the core. B. Hand sample exhibiting F3’s 




are likely due to contraction within the coal beds themselves that are created by tectonic stress 
fields and diagenesis processes (Laubach et al., 1998) occurring through the Heath’s burial 
history. Cumulative thicknesses are mostly less than 2 ft, and generally less than 1 ft.  
These beds have very high humic-derived organic matter content with TOC ranging from 
20-50%; the OM is interpreted as being derived from plant matter such as that found in 
mangrove type species associated with coastal carbonate environments. Because the kerogen of 
this kind of organic matter is interpreted as being Type III (gas-prone), the oil-generative 
potential of this OM is considered to be quite low given the low-to-moderate thermal maturity 
level of the source beds with this type of kerogen in the Heath, which will be discussed in greater 
detail in Chapter 5. 
These coal beds are interpreted as being deposited in-situ along the substrate (no 
transport mechanism needed) as the plant population died and became buried. This likely 
occurred in the supra-tidal zone within littoral swamps and marshes that amassed large amounts 
of sediment in short periods of time causing fast burial of sediment, and inducing an anoxic 
environment. 
 
4.2.5    Facies 5 (F5) 
 This lithology is defined as a dark-gray to black, laminated brachiopod and pelecypod 
wackestone with highly concentrated fossiliferous bedding dispersed among a fine-grained clay 
and carbonate matrix (Figure 4.13). F5 is usually less than 2 ft thick, has only minor occurrences, 
and is not used significantly in the overall interpretation of the general Heath stratigraphy. Also, 






Figure 4.12: Facies 4 coal bed in the Lower Heath; from Cherry Creek #1 core. Exhibits 
anhydrite filled vertical shear fractures with abundant pyrite occurrence. 
 
 
 F5 is associated with the more massive limestone lithologies in the Lower Heath units 
(Cherry Creek #1 core), and thus is interpreted as being deposited in a low-energy, shallow-
marine shelf setting, with restricted, anoxic waters where there was also a significant 
accumulation of carbonate sediment. The presence of associated pyrite is an indicator of the 
oxygen-restricted, reducing environment. The accumulation of shell hashes were either generated 






Figure 4.13: Facies 5 bivalve wackestone shown in the Poseidon #1 core. Matrix is composed of 
dark organic-rich clay and carbonate material. 
 
or periods of severe anoxia that asphyxiated local organisms, thus causing their remains to be 
deposited along and within the substrate. 
 
4.2.6    Facies 6 (F6) 
 This particular facies is described as a dark-gray, massive, fossiliferous wackestone-to-
micritic limestone with abundant brachiopods, foraminifera, echinoids, crinoids, and other 
secondary bioclast fragments with burrows present in some occurrences. Photographs from core, 
outcrop, and thin section samples are provided in Figure 4.14. XRD data for these beds indicate, 
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as expected, mostly calcite composition (greater than 80%), with minor amounts of quartz and 
clay. Porosity values range from 2-4% among the samples tested across the core suite for these 
true limestones, with permeability values for these same samples averaging between 1.5-3.0 
microdarcys. Thickness of these beds range from 0.5 to 3 ft generally. 
 The depositional environment for these beds is interpreted as being in an oxygenated 
shallow-marine setting that was exposed to circulation with the open sea waters, thus allowing 
for higher productivity in carbonate sediment. Given the other types of facies already discussed, 
these limestone beds were likely deposited along the margins of a shallow seaway that extended 
across the marine shelf on the western margin of Laurentia, and that were closely situated with 
more littoral settings including lagoons, tidal flats, and marshes. These carbonates sat further 
seaward but were in close proximity. 
 
4.2.7    Facies 7 (F7) 
 This lithology is defined as a tan-to-gray-to-green laminated-to-massive dolomitic 
carbonate with mineralogy composed of 50-70% dolomite, around 15-20% quartz, and minor 
amounts of calcite and other secondary minerals. The thicknesses of these beds average around 
2-5 ft. Their anomalously higher porosity and permeability values make this lithology very 
significant as a potential reservoir carrier-bed in the restrictive Heath petroleum system; 
porosities range from 12-20% and permeability values extending up to 64 millidarcys. As 
compared with the F6 carbonate lithology, these values are significantly higher. 
 Internally, these beds contain occurrences of intra-bed rip-up clasts, as well as exhibit 
bed-bound vertical fractures that indicate desiccation cracks. Also, in places, there are through-













































Figure 4.14: Facies 6 massive fossiliferous wackestone and micritic limestone.  
A) Fossiliferous wackestone sections from the Lower Heath unit in the Poseidon #1 core.  
B) Massive micritic limestone sections from the Heath B unit in the Zeus #1 core.  




Figure 4.14 continued: D-G are thin sections of various F6 samples in the Poseidon #1 core. 










adjacent facies. Photographs from both the core and thin section samples illustrating the 
appearance of this lithology and some of these observed features are provided in Figure 4.15. 
 Based on the occurrence of desiccation cracks, wavy laminations, and flat-pebble 
conglomeratic beds, the depositional environment of this dolomite lithology is interpreted as 
being a tidal flat margin that evolved from being intertidal to becoming supratidal as local sea 
level dropped, thus causing subaerial exposure of these beds. This caused the occurrence of 
reflux dolomitization of the original limestone beds, turning them into their current dolomitic 
composition because of the initial influx of marine waters that then became restricted as sea level 
fall occurred, thus allowing these waters to permeate into the sediment and drive the 
dolomitization process. 
 
4.2.8    Facies 8 (F8) 
   This particular facies is described as a combination of anhydrite and gypsum depending 
on its location, and is recognized from core descriptions in the MBMG study done by Derkey et 
al. (1985) as shown in Figure 4.16, and from well-log data in certain areas of the basin. It has 
depositional limits inside the study area which will be shown with an isopach map later in this 
chapter. Where this lithology crops out at the surface to the west, it is described as gypsum, and 
where it exists in the subsurface further east, it is recognized as anhydrite. This occurrence has to 
do with the stability of these two minerals at different temperatures. Both gypsum and anhydrite 
are defined as calcium sulphate but gypsum is hydrated and anhydrite is not. Because of this, 
gypsum is stable at a lower temperature (below 40 deg C); if the temperature rises above this, 




Figure 4.15: A) Facies 7 dolomitic carbonate section from the Poseidon #1 core. Laminated beds 
are prevalent with a few examples of intra-formational rip-up clasts occurring. Bed bound 
desiccation cracks are also observed. Through-going induced vertical fractures occur and 





Figure 4.15 continued: B) Thin section at 4368’ in the Poseidon #1 core exhibiting laminations 
with micritic texture. C) Zoomed in view of part B thin section that shows dolomitized texture; 
blue hue indicates inter-crystalline pore space. D) Thin section at 4369’ in Poseidon #1 core that 
shows evidence of mud cracks; also see dolomitized texture with blue hued inter-crystalline pore 
space. 
 
the surface near the Big Snowy Mountains where these gypsum beds occur stay below this 
threshold, whereas in the deeper subsurface to the east, these same beds are exposed to 
temperatures above the threshold, and thus have been transformed into to anhydrite. 
 These gypsum and anhydrite beds are interpreted as being deposited along a supratidal 
zone, adjacent to the tidal flats discussed for the dolomite facies above. These evaporites were 




Figure 4.16: Facies 8 gypsum section taken from Derkey et al.’s Montana Bureau of Mines and 
Geology study on the Heath (1985). This section shows massive crystalline gypsum (indicated 





storm events that may have become trapped in topographic lows along the coastal landscape. As 
the brine waters were concentrated, beds of gypsum crystallized along the muddy, sediment-air 
interface. 
 
4.2.9    Facies 9 (F9) 
   This lithology is defined as dark-gray argillaceous shale and mudstone with very little-
to-no carbonate present. Its appearance isn’t much different than that of facies F1; the key 
difference is the lack of calcite. Figure 4.17 provides a photograph of this unit in core. It 
generally has a laminated or blocky texture, and contains no fossils. XRD samples indicate clay 
content in this lithology averages around 70% with quartz content around 15-20%, and 
secondary minerals accounting for the remaining composition. This facies also exhibits 
splintered, fragmented core texture due to high clay content. 
 Due to their well sorted, fine-grain nature, these beds are interpreted as being deposited in 
a low-energy, littoral, shallow marine setting. The lack of other geologic sedimentilogic features, 
such as fossil content, makes it difficult to narrow the interpretation further, but its adjacency to 
carbonate lithologies suggest it must be littoral. The anomalously high clay content in these beds 
as compared with other facies in the Heath, suggest periods of high terrigenous sediment influx 
that shut down carbonate production locally.  
 
4.2.10    Facies Association 1 (FA1) 
 This first group of facies includes F1 and F6. Their association can be described as dark-






Figure 4.17: Facies 9 argillaceous shale and mudstone exhibiting splintered, fragmented texture 
in the State #1 core. High clay content is believed to cause this characteristic. Because of its 





lithologies occur together as their own association mostly in the Upper Heath and Heath A 
Carbonates sections as shown in the generalized stratigraphic column (Figure 4.8). Their 
appearance in the core is shown in Figure 4.18. 
 The occurrence of each of these lithologies together is interpreted as representing a storm 
cycle in a shallow marine environment below wave base in relatively uncirculated water where a 
low-energy setting prevailed initially. Then a set of storms (potentially seasonal) moved in, 
lowered the wave base, and caused higher energy and increase in water circulation thus causing 
an increase in carbonate production and the deposition of a limestone bed, or multiple limestone 
beds over the calcareous shale that was deposited in the lower energy setting. 
 
4.2.11    Facies Association 2 (FA2) 
 This group of facies includes F1, F3 F4, and F6, and can be described as massive 
wackestone-to-micritic limestone overlain by calcareous shale, overlain by weathered green 
mudstone, overlain by coal. This association occurs solely in the Lower Heath, and represents a 
more topographically emergent period of Heath deposition. Examples of this grouping are 
exhibited in the Cherry Creek #1 core butt section, but photographs taken of the same sequence 
in the slabbed section are missing the weathered green mudstone, and portions of the calcareous 
shale due to their physical instability, thus inability to be cut with a slab saw. This section is 
shown in core butts in Figure 4.19; the core descriptions provide the detail for recognizing this 
grouping of lithologies (Appendix C, Figure C2). Their general pattern of occurrence is depicted 
in the generalized stratigraphic column (Figure 4.8). 
The trend in the facies exhibits a shallowing upward pattern in the lithologies going from 




Figure 4.18: Core section from the State #1 well showing occurrence of Facies Association 
1(FA1); F1 calcareous shale is interbedded with F6 micritic limestone. These occur together in 












Figure 4.19: Core section from the Cherry Creek #1 well showing a full cycle of the Facies 
Association 2 (FA2); as seen in the photo this sequence is based by the F4 coal bed, which is 
overlain by F6 wackestone, that is then overlain by the F1 calcareous shale, that is then capped 
by the F3 weathered mudstone which completes the cycle. An unconformity overlies F3 which is 
separated from the basal coal of a new cycle.  
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coal (F4) at the top; this progression transitions from marine to subaerial environments in one 
cycle. Observations of this cycle repeating itself two-to-three times is seen in the core and well-
log correlation data sets. Cross-sections showing the occurrence of these cycles will be presented 
later in the chapter (Section 4.2.16, Figure 4.24). Given their relative thinness overall (< than 
10ft per cycle; < than 50 ft combined), these cycles were likely caused by fourth-order sea-level 
rise and fall (Vail et al., 1977). 
 
4.2.12    Facies Association 3 (FA3) 
 This group of facies includes F6 and F9, and can be described as argillaceous shale 
interbedded within a massive wackestone-to-micritic limestone. This association occurs only 
once in the section, but has extensive lateral occurrence and is easily recognized in with the well-
log data; the resistivity of the argillaceous shale is anomalously low compared to the carbonate 
beds above and below thus creating a U-shaped log pattern that has come to be referred to as the 
informal “U-marker” section in this study. An example of this well-defined resistivity curve 
character is shown later in the chapter in the well-log characteristics section (Figure 4.26). 
Photographs of this association in the core section are shown in Figure 4.20. This section is 
represented in the generalized stratigraphic column (Figure 4.8) as laminated, argillaceous shale 
that occurs between limestone beds, and is labeled as the “U-Marker” section.  
The deposition of these beds is interpreted as occurring from a pulsed influx of fine-
grained terrigenous sediment, fed from landward streams into a shallow marine environment. 
This influx of clastic sediment is believed to have shut down the carbonate production for a fixed 


























Figure 4.20: Core section from the Cherry Creek #1 well showing the Facies Association 3 
(FA3) U-Marker section. This photograph illustrates the presence of massive limestone beds at 






4.2.13    Facies Association 4 (FA4) – Cox Ranch Unit 
 This group of facies is composed of F2 and F6, and is described as black, organic-rich 
shale interbedded with wackestone and micritic limestone. It represents the Cox Ranch section 
which is, as discussed earlier in this chapter, the most prolific source rock unit in the Heath 
Formation. This facies is prevalent, occurring in almost all locations across the study area, 
although it is thicker and more developed locally in certain regions. An isopach map and a 
discussion of the thickness trends of this unit are presented later in this chapter. The increased 
organic content in the black shale in this unit induces a distinct gamma-ray (GR) log response, as 
is the case with most organic-rich shales, causing relatively high GR log readings which show up 
as highly radioactive off-scale kicks in the log curve. These kicks occur in between the common 
low GR log response of the carbonate beds. An example of these GR kicks from the shale 
surrounded by the low GR signatures of the carbonate stringers is shown in the well-log 
characteristics section later in this chapter (Figure 4.26). Photographs of the black shale 
associated with the carbonates are shown in Figure 4.21, and designated in the generalized 
stratigraphic column (Figure 4.8) as the Cox Ranch oil shale section. 
 The development of these associated facies of the Cox Ranch shale and adjacent 
limestone beds is interpreted as having occurred during a transition from open marine circulation 
to restricted circulation in shallow marine locations that had high carbonate productivity during 
the open marine phase. A drop in sea level or maximum amount of carbonate platform growth 
sealed off portions of the marine shelf forming restricted waters within a shallow sea across the 
Big Snowy Trough. The restriction of these waters shut down circulation with open marine 
waters, and induced a period of intense oxygen reduction in conjunction with moderate 




Figure 4.21: Core section from the Cherry Creek #1 well showing the occurrence of the Facies 




XRD of the organic-rich shale, quartz had the highest occurrence of the minerals associated with 
organic origin followed by some calcite (25% quartz versus 5% calcite in Cherry Creek #1 
samples), thus large amounts of radiolaria along with a healthy population of coccolithophores 
were likely present within this environment during the transition to deposition of the Cox Ranch 
shale. Studies showing the observed symbiotic relationship between radiolaria and algae support 
this assumption (Steineck et al., 1990).  The completion of the transition to highly reduced 
waters caused mass terminus of life of these organisms and other larger fauna (brachiopods and 
foraminifera), contributing to a highly concentrated deposition of the radiolarian’s siliceous 
skeletons, calcite plates from the coccolithophores, and organic remains of these organisms in a 
reduced environment. Their rapid burial that was free from oxidation processes generated the 
organic rich shale that defines the character of this unit. The presence of pyrite and the inclusion 
of other layered fossil remains including laminated brachiopod fragment hashes are clear 
indicators of the prevalent anoxia that occurred. This period of restriction lasted for a finite 
amount of time, and then the onset of increased circulation, likely from a rise in sea level, 
allowed for open exchange with marine waters again increasing oxygen levels and carbonate 
production. This allowed for deposition of carbonate beds over the top of the black shale, thus 
completing the sequence of this facies association. 
 As Yen and Chilingarian (1976) report, the majority of oil shales in the world have been 
deposited in shallow-water environments that supported dense algal populations. Based on the 
lithologic interpretation presented above, the Cox Ranch shale fits into this depositional 
category; however, whether this environment was purely marine or littoral is debatable. Duncan 
(1976) indentifies the principle environments that oil shales have developed in which include 1) 
large lake basins, 2) shallow seas on continental platforms, and 3) small lakes, bogs, and lagoons 
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associated with coal-forming swamps. Derkey et al. (1985) recognize these potential 
environments, and interpreted that the Cox Ranch shale originated in a littoral lagoon (3
rd
 
environment above) based on the presence of underlying coals (facies F4 in this study). In some 
regards, this interpretation makes sense. The Cox Ranch was certainly not associated with a large 
lake deposit given its very limited thickness (less than 30 ft), and lower degree of carbonate 
content. It is also true that it was deposited in relatively close proximity to coal beds as suggested 
by its near stratigraphic occurrence with the Lower Heath beds. Given that it has a laterally 
extensive occurrence, however, as is indicated by the isopach map shown later in this chapter 
(Figure 4.33), the shallow marine setting (Duncan’s 2
nd
 environment) seems most probable; 
lagoons usually have limited stratigraphic extent (maximum of several miles), whereas shallow 
sea deposits can blanket 10’s to 100’s of miles. Thus, based on this assessment, Derkey et al.’s 
lagoon interpretation seems less reasonable; the Cox Ranch shale more likely deposited within a 
shallow seaway that incurred restricted circulation with open marine waters. 
 
4.2.14    Facies Association 5 (FA5) 
This final group of facies contains F6, F7, and F8, and is described as burrowed, micritic 
limestone overlain by dolomitic algal laminated and intra-clast type beds that, in some locations, 
is overlain by anhydrite/gypsum beds. Together these represent a shallowing-upward tidal-flat 
sequence. The F6 (limestone) and F7 (dolomite) facies are depicted together in the Poseidon #1 
core (Figure 4.22) and represent the key lithologies found in the Heath B carbonates section as 
indicated on the generalized stratigraphic column (Figure 4.8). Based on well-log interpretation, 
anhydrite/gypsum beds (F8) occur directly above the F6-F7 sequence in certain areas, and thus 























Figure 4.22: Core section in the Poseidon #1 well showing the occurrence of Facies Association 
5 (FA5). The F6 micritic limestone is overlain by the F7 dolomite facies; the F8 
gypsum/anhydrite is not present at this location but appears in well-logs at other well locations 




tidal flat sequence model in an arid, reducing climate (Scoffin, 1986). Anhydrite and gypsum 
beds generally occur stratigraphically above laminated, desiccated, dolomitized limestones in 
Scoffin’s model as the tidal flats get subaerially exposed.  
In terms of depositional process interpretation, this facies combination represents a time 
period with intense influx of marine waters onto a tidal-flat zone that was coupled by a 
restriction of this marine water to the point of significant evaporation as indicated by the 
presence of anhydrite/gypsum. The underlying dolomitic beds suggest the occurrence of reflux 
dolomitization as the saline waters incurred some evaporation, became more dense, and then 
percolated downward through the carbonate sediment. The movement of this briny water down 
through the carbonates induced the reflux dolomitization process of the laminated limestone 
beds. 
In the generalized stratigraphic column, the anhydrite/gypsum beds are included in the 
Heath A carbonate section thus being separated from the limestone and dolomites in the Heath B 
carbonate section. This separation is based mainly on the distinct well-log character transition 
that occurs from the high-resistivity streaks generated by the evaporite lithologies, thus making 
the boundary between the two units an easy distinction. Another reason these facies are separated 
is because of the contrasting porosity and permeability values between the Heath B carbonates 
and the anhydrite/gypsum beds. The Heath B carbonates have a much greater capacity for fluid 
storage, and because this study is assessing petroleum system characteristics, these high porosity 
and permeability beds of the Heath B were separated out from the other lithologies even though, 





4.2.15   Stratigraphic Characterization 
 The generalized stratigraphic interpretation created in this study has subtle differences 
compared to the previous view of the Heath Formation projected in the MBMG study authored 
by Derkey et al. (1985). These differences are clearly seen when juxtaposing their graphic 
representations as shown in Figure 4.23. Derkey combines the carbonates, the Cox Ranch oil 
shale, the evaporites (gypsum in their study area), and a single coal bed into one designated 
informal member referred to as the Forestgrove Member of the Heath in their publication. Within 
this member, they do separate out the organic-rich Cox Ranch beds, as well as a single coal bed 
(Potter Creek Coal) and a gypsum unit (Loco Ridge). However, the descriptions of Heath beds 
above the Loco Ridge gypsum and below the Potter Creek coal bed provide no distinctions, and 
these beds are lumped together as argillaceous shale and mudstone. In addition, the carbonate 
beds within their interbedded shale and limestone unit are also given no distinctions. 
 The robust data set of this study has allowed for a more detailed interpretation of the 
Heath stratigraphy. Given a larger expanse of stratigraphic data as well as access to core sample 
analyses (XRD, porosity and permeability), greater distinctions were made. In particular, within 
the carbonate beds, the separation of the dolomitic, more porous and permeable Heath B beds 
from the pure limestone beds of the Heath A could be made, thus helping to substantiate the 
interpretation of these beds as being a part of a shallowing-upward tidal-flat sequence. Also, a 
greater quantity of coal beds were recognized in the lower portions of the overall section which 
led to the identification of multiple high-order regressive sequences within the Lower Heath unit 
that were not interpreted in the MBMG study. In addition, the combination of well-logs with 
XRD data was used to interpret the clay rich “U-Marker” shale unit that defines the boundary 





Figure 4.23: Comparison of Derkey et al.’s interpretation of the Heath’s internal stratigraphy 
with the interpretation from this study. 
 
 The MBMG study’s distinction of the Forestgrove Member as a recognizable unit in the 
Heath is still relevant because it highlights a larger scale grouping of carbonates and organic rich 
shale in the Heath which as a whole can clearly be separated from shales in the Upper and Lower 
Heath sections. The updated, more detailed view provided in this study, however, helps to define 
key lithologic characteristics that distinguish key petroleum system elements within the Heath 
itself that were not made in the older model. Also this study provides a more refined view of 
depositional cycles within the Heath, thus assisting in an updated depositional setting 
interpretation, which will be described later in the chapter. 
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4.2.16    Depositional Cycles 
 Based on core and well-log analyses, multiple depositional cycles were observed 
including the Lower Heath (FA2), the sequence Heath B and lower Heath A (FA5), and the 
Upper Heath (FA1). The identification of these cycles provided clues for the interpretation of 
distinct changes in the depositional setting during deposition of the Heath. 
 The cycles observed in the Lower Heath consists of multiple occurrences of the FA2 
facies association (subsection 4.2.11). Their repetition exhibiting the transition from submarine 
to subaerial lithologies were interpreted as representing marine regressions. Three repetitions of 
this cycle were recognized in the Cherry Creek #1 core, and were correlatable regionally, thus 
indicating their widespread occurrence (Figure 4.24). More occurrences of this same type of 
depositional cycle possibly exist within the Lower Heath and went unrecognized in the 
interpretation based on the limited extent of the cored intervals into the Lower Heath; only well-
log facies that could be corroborated by identification in core were used in the correlation 
process. That being the case, the occurrence of 2-to-3 of these cycles within the Lower Heath 
does indicate that high-order sea level regressions were occurring during the deposition of Lower 
Heath beds. 
 The cycles occurring within the Heath B dolomite beds and into the Heath A evaporites, 
described earlier in this section as the FA5 facies association (subsection 4.2.14), are observed in 
the Poseidon #1 core and have only one repetition (2 cycles). This one occurrence however 
indicates that a subtle marine regression followed by transgression and then regression again 
occurred locally based on the evidence of desiccation occurring within the dolomites with marine 
shale having been deposited between. These cycles are so subtle that they were only observed in 
the Poseidon #1 core and could not be correlated to other wells based on the well-log; this likely 
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doesn’t indicate any large scale change that occurred across the basin. It does, however, show 
local variation of sea level during the deposition of the Heath B dolomites, and that these 
deposits were littoral in nature.  
 The depositional cycles occurring in the Upper Heath that are represented by the 
prevalent switching of carbonate and calcareous shale facies of facies association FA1 
(subsection 4.2.10), vary in their quantitative occurrence depending on their location in the study 
area. In some areas, almost 20 cycles can be counted, whereas in other locations only two or 
three are present (Figure 4.25). This is likely due to the varying amounts of Heath section that 
was preserved by not being eroded from Tyler Formation incision. Also, carbonate shale 
sequences themselves are limited in thicknesses suggesting the environmental conditions that 
control carbonate production versus lime mud deposition varied locally, so individual cycles 
could not be correlated across the study area. However, the fact that these cycles could at least be 
recognized, it is clear that subtle variations in the carbonate productivity were occurring during 
deposition of the Upper Heath beds. This indicates potential cyclical changes to environmental  
conditions such as water salinity, depth, and temperature as well as clastic sediment input, and 
depositional energy levels. 
 
4.3    Well-Log Characteristics, Correlation, and Stratigraphic Analysis 
 Following the lithologic characterization and analysis of the core and outcrop samples 
through facies description, the next series of steps included translating the facies knowledge to 
the well-log data set by interpreting characteristic signatures of specific log curves through the 
various facies and groups of facies within the Heath section overall. This was done to establish 
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Figure 4.24: NE-SW cross section that illustrates the correlation of the Lower Heath regressive cycles represented by FA2; three cycles were 
picked in the Cherry Creek well because of the available core and 2 of the capping coals could be correlated at adjacent wells. 
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Figure 4.25: SW-NE cross section that illustrates the variance in FA1 cycle repetitions. For example, the Zeus contains 19 cycles, whereas  
Poseidon #1 has 6 cycles.  The degree of erosion caused by Tyler incision dictates this amount of carbonate-shale cycles preserved locally. 
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B, Cox Ranch, “U-Marker”, and Lower Heath. These were then correlated across the study area. 
The discussion in this section of the chapter describes that process. 
 
4.3.1    Diagnostic Well-Log Curves 
 The main source of lithologic data came from core descriptions which were correlated 
directly to well-logs, thus allowing for a direct comparison of the actual rock characteristics to 
their corresponding log response. The main logs used for the interpretation included spontaneous 
potential (SP), gamma-ray (GR), resistivity, neutron porosity, density-porosity, and photoelectric 
(Pe) curves as these provide the most diagnostic responses to lithologic character differences. 
Figure 4.26A shows a cross section of logs from two of the Endeavour drilled wells (Cherry 
Creek #1 and Poseidon #1), and the Rock Happy well drilled by Cirque. The well-logs shown in 
this cross section were used as the type logs for identifying the correlatable sections of the Heath, 
and will be referenced in the following section identification discussion. Figure 4.26B provides a 
key for the core description symbols incorporated in the depth track in Part A, and in the 
following cross sections included later in this section. 
 
4.3.1.1    Upper Heath 
 Given the interpreted unconformity separating the Heath from the Tyler as based on 
previously discussed tectonic and stratigraphic analyses, a couple of observations were made 
about the character of this boundary. The first being that this unconformable surface incurred 
significant subaerial exposure and weathering leading up to the deposition of Tyler facies, and 
thus developed thick paleosols where preserved. Due to this fine-grained character of the Heath 
paleosols, these beds combined likely serve as a fluid and pressure barrier between the Heath and 
 
 
Figure 4.26: Well-log type cross section contained well-logs from the Rock Happy, Poseidon, and Cherry Creek wells. These provide the best    
examples of log character for each of the Heath units, and are used to identify and diagnose these units in other well-logs across the study area.  












Tyler. The other observation made is that the Heath is known to contain source beds that have 
generated hydrocarbons. With generation and expulsion of hydrocarbons comes increase in 
pressure from the expansion of gas and hydrocarbon liquids expelled from the matured kerogen. 
With the top of the Heath containing a sealing lithology from its exposure to weathering, this 
seal has served as a trap for the higher pressures created within the Heath itself. Based on those 
interpretations, it would be logical to expect an average baseline increase in the resistivity curve 
across this formation boundary; this idea is supported by pressure versus resistivity research 
conducted by Hilchie (1964) which showed that resistivity increases with an increase in 
formation pressure. Using this logic, the main well-log characteristic used in defining the Tyler-
Heath boundary was this abrupt increase in average resistivity. However, in certain localities, the 
incision of basal Stonehouse Canyon member sands of the Tyler into the Heath was an indicator 
of the erosional contact between the two formations, which was recognized as a marked decrease 
in GR response outlining the Tyler sands followed by a sharp GR increase when shifting into the 
Heath shale facies below. The sharp boundary between the sands and the shale was the indicator 
for the top of the Heath in these cases. But in locations where the sands were not present, the 
resistivity log increase was the key characteristic used. The logs shown in Figure 4.26A illustrate 
both cases. In the Rock Happy and Poseidon wells, where Stonehouse Canyon sands are not 
present, the increased resistivity spike was relied upon. In the Cherry Creek well, basal Tyler 
sands were present; the top of the Heath was picked just below these sands as interpreted from 
the GR curve. 
 
4.3.1.2    Heath A Carbonates 
 
 The identification of this section of the Heath was straightforward as it is defined by the 
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transition in Heath facies from mainly dark shale in the Upper Heath to the addition of thin 
interbedded limestone stringers within more dark-gray calcareous shale. A combination of spiked 
decrease in GR, spiked increase in resistivity, and spiked decrease in porosity curve values were 
used to identify the onset of these carbonate occurrences, and the upper most location of this 
increase represented the top of the Heath A section. The Poseidon well exhibits this transition 
clearly (Figure 4.26A); it shows a concurrent decrease in the GR and porosity, in conjunction 
with a significant increase in resistivity that represent the first significant limestone bed within 
the Heath in this well. Also within this section, as mentioned in the facies discussion earlier in 
the chapter, there is a unique evaporite facies subset that includes anhydrite and gypsum. These 
evaporite lithologies are indicated clearly by the GR and resistivity curves; with GR, there is a 
sharp decrease, and with resistivity there is a drastic increase. The Rock Happy well is the only 
well that contains the evaporite beds in the cross section shown in Figure 4.26A; their presence is 
clearly defined by the off-scale porosity low and spiky resistivity highs. 
 
4.3.1.3    Heath B Carbonates 
 The interpretation for picking the top of the Heath B carbonates was based on both the 
well-log character and the presence of an increased porosity and permeability zone within the 
upper-most carbonates in this subsection of the Heath. In more northern study area locations, the 
overall carbonate unit thickness of this section is less developed, thus causing those carbonate 
beds that are present to be more pronounced because they are surrounded by more shale facies. 
In these northern areas, two distinct carbonate beds were deposited that exhibit a 2-prong GR 
pattern in the well-logs. The top of the upper most carbonate bed here was used as the pick for 
the Heath B section. The lower carbonate bed in this two-bed succession incurred significant 
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dolomitization, and thus developed anomalously high porosity and permeability as is indicated 
from the routine core analyses test results (12-20% porosity; up to 64 microdarcys of 
permeability), and from the neutron-density porosity log character (NPHI, PHIA, DPHI). The 
presence of this zone is clearly evident in the lower carbonate of the upper Heath B carbonate 
grouping in northern portions of the study area where these two carbonate beds are prominent. 
Further to the south where these individual carbonates merge and lose their distinction due to 
increased carbonate development in adjacent beds, the high porosity zone within that lower 
carbonate is used as a proxy to correlate this section, and to interpret where the top of the Heath 
B units is located. The Poseidon and Cherry Creek well-logs, which have more northern 
locations, exhibit the distinct two-prong GR character marking the two-uppermost carbonate 
beds in the Heath B section (Figure 4.26A). Note the increased PHIA porosity values (15-22%) 
in the lower carbonate of these two as indicated by the porosity logs in both wells. These upper 
Heath B carbonates are less prominent at the Rock Happy location, but the increased porosity in 
that lower carbonate helped to define where the top of the Heath B section was located in the 
section. The presence of the Heath A anhydrite here also assisted in defining where the top of the 
Heath B carbonates occur. 
 
4.3.1.4    Cox Ranch Oil Shale 
 The organic-rich Cox Ranch oil shale section induces the typical well-log response 
expected from dark organic-rich shales, which is an anomalously high GR spike as compared to 
other adjacent units within the section being analyzed. Typically, the shale beds within this 
subsection of the Heath exhibit GR exceeding, at the very least, API values of 150, and mostly 
extending above 200 API. The top of the Cox Ranch section was interpreted as starting where an 
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anomalous increase in the GR log occurred; the bottom of this section was interpreted as 
occurring where GR values returned to more normal API values (< 150). The degree of 
development and deposition of the Cox Ranch facies varies within the study area, with more 
northern locations generally tending to have thicker sections of these beds. This can be observed 
when comparing the Rock Happy section to those from the Poseidon and Cherry Creek wells 
(Figure 4.26A); the high GR response is more pronounced in the northern two wells (Poseidon, 
Cherry Creek). This has strong implications for greater development of the Cox Ranch Shale to 
the north in the study area where under-circulated water conditions existed for a longer period of 
time. 
 
4.3.1.5    U-Marker Shale 
 The “U-Marker” section, as indicated by its name, is defined as a very distinct U-shaped 
resistivity curve response in the well-logs. The U-shape is generated by the very low resistivity 
character of the argillaceous shales present within this section sandwiched on the top and bottom 
by much more resistive carbonate beds, thus generating the U-shaped curve. This character is 
clearly exhibited in Figure 4.26A. The U-Marker section almost always occurs directly below the 
Cox Ranch shale, and serves as the separation between the interbedded carbonates and shale 
(Heath A, Heath B, and Cox Ranch) of the Forestgrove Member defined in the MBMG study, 
and the Lower Heath beds. 
 
4.3.1.6    Lower Heath 
 This section of the Heath is simply designated as all Heath beds that occur below the U-
Marker, so the top of this section was interpreted in the well-logs as being placed at the top of the 
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lower carbonate bed underlying the argillaceous shale within the U-Marker. The top of the 
Lower Heath is represented as the Heath U-Marker base pick in the cross section shown in 
Figure 4.26A. The Lower Heath contains the FA2 facies association regressive cycles discussed 
previously in the chapter. The coal beds within these cycles show in the well-logs as having high 
GR spikes (rich organic zones) that occur just below increased resistivity spikes that are 
representative of the transgressive carbonates that overly the coal beds. These coal beds were 
interpreted in the well-logs and interpreted across the study area. The cross section in Figure 
4.26A exhibits various coal bed interpretations at the different locations; they are not equally 
present across the study area and tend to have only local extents. 
 
4.3.2    Correlation Strategy 
 The internally designated sections of the Heath including the Upper Heath, Heath A, 
Heath B, Cox Ranch, U-Marker, and Lower Heath as defined by their well-log characteristics 
discussed in the previous subsection of this chapter were correlated as widely as possible across 
the entire well-log data set. In order to ensure accuracy in these interpretations, the wells with 
core data were interpreted first because of the ability to tie lithologic data to these well-logs. 
Once the tops for the key sections in these wells were picked, radially adjacent wells were 
assessed next, referencing their picks back to the core based wells. This process continued, 
working outward from more reliable data until all the wells were interpreted. For the central and 
eastern portions of the study area, the Endeavour and Endeavour partner wells served as the key 
reference wells. In the western portions of the study area, the measured sections and MBMG 
core descriptions were relied upon as the key reference data sets. 518 well sites were interpreted 
in all; their relative locations are shown on the map in Figure 4.27. 
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4.3.3    Heath Structure, Cross Sections, and Isopachs 
  Once the correlations for the key Heath stratigraphic horizons were completed, this data 
set could then be interpreted. This was done by generating multiple cross sections and maps 
including six N-S trending cross sections, three E-W trending cross sections, a Heath structure 
map, an isopach map of the overall Heath, and isopachs of the relevant internal Heath sections 
including those associated with petroleum system elements, i.e. source beds of the Cox Ranch, 
and the reservoir carrier beds of the Heath B carbonates. These are presented and discussed 
below. 
 
4.3.3.1    Heath Structure Map 
 The structure map of the top Heath surface (Figure 4.28) illustrates the significant 
variability of Heath beds’ burial depth in central Montana ranging from –3,700 to 6,000 ft subsea 
(SS) elevation. The overall trend observed is the general dipping and deepening of these beds 
from west to east across the study area, with some breakup of this trend by fault blocks and 
structural folds in the central and eastern portions of the study area. The Heath crops out at the 
surface on the flanks of the Big Snowy Mountains in the west, but plunges steeply to depths 
greater than -1,000 ft SS (4,000+ ft TD) at a distance of 40 miles to the east of the mountains 
near the Petroleum-Garfield and Musselshell-Rosebud County borders. The Cat Creek and 
Gumbo Ridge wrench fault systems just east of the county borders created fault blocks cutting 
through Heath strata locally, and generating a raised block paralleling the border between 
Garfield and Rosebud counties. The Sumatra Fault generated a NW-SE trending asymmetrical 
anticline folding and deforming Paleozoic and Mesozoic strata. This created 100’s of feet of 
depth variability in the Heath locally. The Porcupine Dome in the southeast corner of the study 




area raises the Heath beds almost 2,500 ft thus representing one of the largest structures in the 
area along with the Big Snowy Mountains to the west. The present-day structure of the Heath is 
mainly attributed to Laramide deformation as this tectonic event generated the compressional 
stress that drove wrench fault development, crustal folding, and the uplift of the Big Snowy 
Mountains, as previously discussed in Chapter 3. 
 
4.3.3.2    Heath Formation Isopach 
 An isopach of the Heath Formation (Figure 4.29) shows great variability in thickness 
exhibiting a range from 150-450 ft regionally. Most of this variability was caused from erosion 
as opposed to depositional accommodation. It has been well established in the literature 
(Kranzler, 1966; Maughan and Roberts, 1967; Maughan, 1984; Derkey et al., 1985) that a 
regional unconformity separates the Heath from the overlying Tyler Formation. This formation 
boundary is interpreted as representing a period of hiatus, and then erosion from subaerial 
exposure due to sea-level drop and a lowered base level. This lower base level caused 
development of multiple valley incisements due to fluvial processes that cut down into the Heath 
and removed significant amounts of stratigraphic section; the magnitude of this erosion varied 
locally depending on the geographic position of the valleys. The Heath isopach shown in Figure 
4.29 illustrates this thickness variability. Of particular interest is the lineation of a thinner Heath 
section that forms along a NE-SW trend in the eastern half of the study area. Large occurrences 
of Stonehouse Canyon sandstone in the Tyler section were observed directly overlying and 
providing the sediment fill above the thinner Heath sections along this lineation. This area has 
become well-recognized in the petroleum industry because the sands from the Stonehouse 
Canyon Member deposits have been the largest reservoir contributors to conventional oil 
Figure 4.28: Top Heath structure map showing deepening trend towards the central and eastern regions of the study area  




production in central Montana history. This lineation of Tyler sands is informally referred to in 
industry as the Tyler Valley. 
 Another thin Heath lineation occurs along a N-S trend in the western portion of the study 
area. Although this has not been recognized or addressed by other studies, this could indicate 
another valley incision into the Heath; Stonehouse Canyon member sandstones are also present 
here as well. The occurrence of this alternate lineation has likely gone unmentioned in the 
literature because little petroleum production has occurred in this area, thus indicating a 
relatively inactive region in the central Montana petroleum system. As will be discussed in 
Chapter 5, the inactivity in this area is probably associated with the lack of source rock maturity. 
 Areas where the Heath Formation is thickest represent areas that were not deeply eroded 
prior to deposition of the Tyler valley-fill. These paleo-high areas that were not deeply eroded 
were flat-lying, and only accumulated alluvial-fluvial plain or shallow-marine facies as Tyler 
deposition progressed, thus preserving the underlying Heath beds due to the lack of erosion 
processes taking place. 
 
4.3.3.3    North-to-South Cross Sections 
 Six N-S cross sections were generated across the study area, and their transects are 
labeled as A-A', B-B', C-C', D-D', E-E', and F-F'. They are shown on the cross section base map 
in Figure 4.30; the actual cross-sections are shown in Figure 4.31, Parts A-F. Their N-S 
orientation was designed to optimally show thickness trends of the key internal Heath beds in the 
study area along this trend. 
An assessment of the Lower Heath unit indicated little variability in thickness, but 
revealed that the regressive sequences represented by the facies association FA2 of carbonates, 
Figure 4.29: Heath Formation isopach map exhibiting great variability of thickness in the Heath Formation.  
The extensive erosional lineation caused by the erosional incised-valley fill of the Tyler Valley is highlighted on the map  




weathered mudstone, and coal were fairly prevalent across the study area. The key indicator of 
their occurrence in the well-logs was the stacked coal cycles represented as pink unit top 
indicators in the cross-sections. Multiple wells in each N-S cross section exhibited these coal 
occurrences. 
The U-Marker unit was also widely present across the study area in the N-S cross 
sections. This unit is represented as a light blue top indicator, and is seen in almost all of the 
wells used in the cross sections. 
 The Cox Ranch section (red top indicator and light red color fill), while being present in 
most locations, did show a regional thickness variation. It tends to thicken and become more 
developed in the northern portions of each cross section (Figure 4.31); this is especially evident 
in the B-B' cross section. Comparing the end member wells here, the Cox Ranch changes from 
being 2 ft thick in the south to being over 10 ft in the north. Similar thickening trends are seen in 
the C-C', D-D', and E-E' sections in as well. 
 The Heath B carbonates section, shown with a green top indicator, exhibits the opposite 
thickening trend as compared to the Cox Ranch; it tends to thicken towards the south. This is 
most clearly seen in sections C-C', D-D', E-E', and F-F'. This carbonate unit averages about 10-
15 ft thickness in the north and thickens to an average of 30 ft and up to over 50 ft in certain 
areas to the far south. 
 The Heath A and Upper Heath were combined in the cross sections and represented with 
the gray color fill. The thickness of these combined sections has random variability and is 
controlled by the amount of down-cutting that occurred from Tyler facies locally. Depositional 
trends were not assessed because of this competing erosive overprint. 
 
Figure 4.30: Cross section base map. N-S cross sections consist of the following transects: A-A', B-B', C-C', D-D', E-E', and F-F'. 
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Figure 4.31A: A-A' Cross Section. Datum placed on Base Tyler/Top Heath unconformity. Upper Heath and Heath A 
Heath B Carbonate - Reservoir Facies 
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Figure 4.31B: B-B' Cross Section. Datum placed on Base Tyler/Top Heath unconformity. Upper Heath and Heath A 
Heath B Carbonate - Reservoir Facies 
Cox Ranch Shale - Source Rock Facies 
B B' 
GR Res. Neut.-Den GR Res. GR Res. Neut.-Den GR Res. GR Res. Neut.-Den GR Res. GR Res. GR Res. Neut.-Den GR Res. 
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Figure 4.31C: C-C' Cross Section. Datum placed on Base Tyler/Top Heath unconformity. 
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Heath B Carbonate - Reservoir 
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Figure 4.31D: D-D' Cross Section. Datum placed on Base Tyler/Top Heath unconformity. 
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Heath B Carbonate - Reservoir 
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Figure 4.31E: E-E' Cross Section. Datum placed on Base Tyler/Top Heath unconformity. 
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Upper Heath and Heath A 
Heath B Carbonate - Reservoir 
Cox Ranch - Source Rock 
Figure 4.31F: F-F' Cross Section. Datum placed on Base Tyler/Top Heath unconformity. 
SP Res. Neut.-Den Neut.-Den GR Res. Neut.-Den GR Res. Neut.-Den SP Res. Neut.-Den GR Neut.-Den GR Res. Neut.-Den GR Res. Neut.-Den 
3.9 mi 
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4.3.3.4    West-to-East Cross Sections  
 Only three W-E cross sections were generated due to the much narrower north-south 
extent of the study area. These sections are labeled on the cross section base map (Figure 4.30) 
as G-G', H-H', and I-I', and are shown in Figure 4.32, Parts A-C. They exhibit very similar trends 
among the Lower Heath and U-Marker sections as were seen in the N-S cross sections; the FA2 
facies association in the Lower Heath and the argillaceous shale facies of the U-Marker were 
prevalent across the study area as seen in these cross sections (pink top indicators represent coal; 
light blue tops indicate U-Marker). The regressive cycles of the Cox Ranch and Heath B sections 
are of fairly consistent thicknesses in both units along the W-E orientation across the study area, 
as opposed to the thickening trends observed along the N-S cross section orientation. This 
suggests that a continuous topographical slope, such as a coastline or carbonate platform 
developed along a W-E orientation in the southern portion of the study area. Depositional 
environments and facies were generally continuous from west to east, but varied more from 
north to south, i.e. greater near-shore carbonate production/deposition in the southern region 
versus greater dark shale deposition in the shallow seaway to the north. 
 
4.3.3.5    Cox Ranch Isopach 
 The isopach map generated for the Cox Ranch unit (Figure 4.33) clearly illustrates the 
thickening-northward trend seen in the cross sections; the thickest packages of this unit are found 
in Fergus, Petroleum and Garfield counties with thicknesses generally greater than 10 ft and 
extending up to 25 ft locally, whereas, to the south it tends to be less than 10 ft. On this map, the 
bluer-toned color fill contours represent thinner sections while the yellow-to-orange colored 
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Figure 4.32A: G-G' Cross Section. Datum placed on Base Tyler/Top Heath unconformity. 
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Upper Heath and Heath A 
Heath B Carbonate - Reservoir 
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Figure 4.32B: H-H' Cross Section. Datum placed on Base Tyler/Top Heath unconformity. 
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Figure 4.32C: I-I' Cross Section. Datum placed on Base Tyler/Top Heath unconformity. 
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this isopach map is that this facies is widely distributed and is present almost everywhere in the 
study area, with the exception of extreme southern locations in western regions of Rosebud 
County. The widespread occurrence of the Cox Ranch unit is important because, as will be 
shown in Chapter 5, it is the assumed key source rock facies for the petroleum system in central 
Montana; thus it has positive implications about the extent of potential hydrocarbon generation 
in the basin. The Cox Ranch unit’s source rock contribution is thoroughly discussed in Chapter 
5, and referenced in Chapter 6. 
 
4.3.3.6    Heath B Carbonates Isopach  
 The isopach for the Heath B carbonates section (Figure 4.34) was generated by 
calculating and gridding thicknesses from the top of the Heath B to the top of the Cox Ranch 
unit. As with the Cox Ranch isopach map that exhibited the northern thickening trend of those 
beds, this isopach clearly illustrates the complimentary southward thickening trend of the Heath 
B carbonate beds that was evident in the N-S cross sections. This trend is especially pronounced 
in the southeastern region of the study area in western Rosebud County and the far eastern 
extents of Musselshell County. 
The Heath B unit, as discussed in the facies association section above, contains the most 
porous and permeable carbonate beds in the Heath, and so is the key reservoir carrier-bed 
targeted within the Heath itself. But, this unit is also interbedded with shale. The Heath B’s 
isopach map is useful in displaying where the greatest thicknesses of this unit occur in the study 
area, but this thickness does not necessarily represent net-carbonate thickness. The Heath B unit 
also includes shale and thus is not representative of total reservoir thickness. The thin 3-5 foot 
carbonate stringers that represent about 50-60% of the total thickness of the unit are the actual 
Figure 4.33: Cox Ranch Shale unit isopach map. Shows a thickening trend to the north with the greatest thicknesses occurring in 
the northwest portion of the study area (Contour Interval = 1 Ft). 
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Figure 4.34: Heath B carbonate unit isopach map. Shows a thickening trend toward south-central regions of the study area 




reservoir facies. This should be taken into consideration when assessing the Heath B carbonates 
unit as potential target for resource play development in the Heath. This is discussed further in 
Chapter 6. 
 
4.3.3.7    Heath A Anhydrite/Gypsum Facies Isopach 
 Even though this facies is not represented on the generalized Heath stratigraphic column 
(Figure 4.35), it was important to assess the Heath A anhydrite/gypsum facies occurrence and 
thickness because this facies’ presence provides a key indicator of coastal/supratidal depositional 
environments, thus assisting in the ability to interpret the existence of a coastline or exposed 
carbonate platform. This isopach map shows two distinct occurrences of these evaporites. One is 
located along a clear W-E trend in the south-central regions of the study area. The other 
protrudes northward from in the western region. When compared to the isopach of the 
underlying Heath B carbonates, the occurrence of the anhydrite seems previously, could indicate 
a coastline stretching west to east in the south-central region with a peninsular extension to the 
northwest. This seems to be a reasonable interpretation given the tectonic framework that existed 
in the Big Snowy Trough during this time period (Late Mississippian). As discussed in Chapter 
3, deposition of the Heath in central Montana occurred within a W-E trending subsiding trough 
that was bounded by the deep-seeded basement faults to the north and south (deeper extension of 
Cat Creek Fault and the Musselshell Lineament shown in Figure 3.1). With this structural setting 
established, stratigraphic indicators that point to the existence of a southern coastline during 
some periods of Heath deposition within the study area make sense. The possibility exists that 
regions further to the south of the study area that were on top of the fault block south of the 
Musselshell Lineament were topographically higher than those in the study area, thus providing a 
Figure 4.35: Anhydrite/Gypsum facies isopach map. Shows limited occurrence of this facies in the study area; indicates coastal, 




slope dipping from south to north. In this scenario, a W-E coastline could have developed with 
Heath B carbonates building up along this slope, and then became subaerially exposed to the 
point that the Heath A anhydrite/gypsum facies were then deposited over top. A peninsular 
extension of this coastline to the northwest is also plausible and suggested by the presence of 
anhydrite/gypsum facies along this trend. This trend could have served as a barrier to open 
marine waters to the west and perpetuated the restricted marine environment within the local Big 
Snowy Trough basin during deposition of Heath facies. 
  
4.4    Paleontology of the Heath Formation 
 The paleontological interpretation of the Heath strata in this study was based on core 
observations and sampled core thin-section analysis. The most abundant fossils identified from 
this work include brachiopods (undifferentiated), foraminifera (Fusilinida, Miliolida and other), 
echinoids, ostrocods, and bryozoans with lesser abundances of gastropods, pelecypods and 
trilobites being present. The occurrence or rather the lack of occurrence of these fossils tended to 
be facies sensitive. 
 The Cox Ranch Shale beds which represent a restricted low-energy anoxic environment 
exhibit laminated bed-aligned fossil zones composed of only brachiopods (unidentified species) 
and agglutinated forams with some pellet occurrences; no other fossil types occurred here. This 
limited abundance of fossil diversity, in addition to the stratified geometry of the brachiopod 
fragment orientations, suggest the occurrence of severe anoxia during Cox Ranch deposition 
causing massive death assemblages to the brachiopod and foram populations that subsequently 
fell to the substrate and were buried in layers. Figure 4.36 shows multiple thin section and core 
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photographs from this unit that highlight examples of these fossil occurrences and their layered 
orientations. 
 The limestone and dolomite lithologies from the suite of carbonate units in the Heath 
(Lower Heath, U-Marker, Heath B, and Heath A), which represent a more oxidized higher 
energy environment, exhibit an abundance of brachiopods in addition to echinoids ostrocods, 
bryozoans, crinoids, forams, gastropods, pelecypods, and trilobites. Figure 4.37 contains a 
collage of thin section and core photographs exhibiting examples of this fossil assemblage. The 
greater fossil diversity here clearly suggests that a more productive, nutrient-rich environment 
was present for deposition of these facies types. 
 The species of various types of fossils observed were left unspecified given the author’s 
lack of paleontological expertise. However, in some cases, specific orders of foraminifera were 
identified including Fusilinida and Miliolida based on their particular morphological character 
(Figure 4.38). Also, from work done by Easton (1962), various types of brachiopod species had 
been identified including Dictyoclostus inflataus obsoletus, Dictyoclostus inflatus spinolinearis, 
Productus fasciculatus, and Leiorhynchus carboniferous, among a multitude of other less 
prevalent species. 
 A distinct type of trace fossil referred to as Chondrites (Bromley and Ekdale, 1984) was 
observed multiple times in the Lower Heath and Heath B carbonates. Bromley and Ekdale define 
this type of burrow as being generated by endobenthic sediment feeding organisms. Typical 
geometries have root-like structure of branching shafts and tunnels with relatively constant 
angled branches (30-40 degrees); the shafts or tunnels have diameters between 0.1 to 10 mm’s 
and are uniform throughout a system. They are interpreted as being kept open by the inhabiting 

























Figure 4.36: A) Cox Ranch section in Poseidon core. B) Thin section from 4380.9’ depth 
highlighting brachiopod and foram bioclasts. C) Thin section from 4382.35’ depth exhibiting 






Figure 4.37: A) Carbonate facies (F6) in Poseidon core. B) Thin section from 4386.70’ depth. C) 





trace fossils in the Heath core typically show up in limestone beds that overly dark gray/black 
shale (Figure 4.39), thus suggesting that brief periods of oxygenation brought on by periods of 
higher wave or tidal energy and improved water circulation allowed for benthic feeder activity 
within what was previously a relatively anoxic environment. Ekdale and Mason (1988) suggest 
that the occurrence of Chondrites typically indicates an oxygen-limited environment that was 
exploited by specialized organisms that exist in these extreme conditions. Thus, the presence of 
these tract fossils within the Heath system support the overall hypothesis of Heath deposits 



























Figure 4.38: Recognition of Miliolida and Fusilinida orders of foraminifera. Thin section taken 





Figure 4.39: Examples of the trace fossil Chondrites in the Cherry Creek, Poseidon, and Zeus 





4.5    Heath Formation Depositional History and Paleogeography 
 As discussed in Chapter 3, the deposition of the Late Mississippian Big Snowy Group 
that includes the Kibbey, Otter and Heath Formations, represents a first-order marine-
transgressive sequence. However, a more detailed assessment of the internal stratigraphy in the 
Heath suggests occurrences of higher order finer-scaled relative sea level fluctuations. These 
fluctuations were interpreted from the facies variations (i.e. depositional cycles) observed from 
the conducted lithologic analysis described earlier in this chapter. Figure 4.40, Parts A-H, 
presents a sequence of paleogeographic maps that illustrate the stratigraphic changes and 
associations that occurred during these finer-scaled environmental fluctuations throughout the 
deposition of Heath strata.  The following discussion describes these interpreted changes.  
 The green shale and thin limestone beds in the upper Otter strata indicate a shallow, open 
marine environment that had some clastic input likely derived from the same regional source 
(north, east and south highlands feeding into the localized trough) as the clastic sediment 
deposited in the Kibbey sandstone. The Otter facies were just finer-grained than the Kibbey due 
to being more distal from the clastic source. Environmental conditions were also favorable for 
carbonate production during this time as indicated by the limestone deposits present within the 
Otter. Parts A and B of Figure 4.40 illustrate the stratigraphic relationship between the Otter and 
Kibbey Formations and the direction of the marine transgression that created these depositional 
facies changes.  
The Lower Heath beds conformably overlying these Otter deposits exhibit thin regressive 
sequences (facies association FA2) based on cyclic repetitions of basal carbonates being 
deposited on top of by weathered mudstone and then coal. This juxtaposition of Lower Heath 
strata to the underlying Otter strata indicates that a transition to a cyclic subaerially exposed 
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environment occurred, thus suggesting some sort of short term local marine regressions or 
recurrent tectonic uplift pulses that caused the relative sea level to fluctuate (Figure 4.40, part C).   
 A period of greater marine submergence followed the final emergent cycle of the Lower 
Heath during which the U-Marker section of the Heath was deposited (Figure 4.40, part D). A 
pulse of terrigenous sediment was distributed in the basin, possibly from local uplift, within the 
U-Marker strata, that was then followed by higher carbonate productivity that produced 
limestone stringers that capped the anomalous argillaceous shale. 
 The carbonate deposition gave way to a period of significant restricted and uncirculated 
marine waters that seemed to be quite extensive across central Montana (Figure 4.40, part E). 
During this time anoxic conditions prevailed thus inducing the prevalent deposition of organic-
rich black shale beds of the Cox Ranch unit. After a finite period of time, higher energy and 
greater circulated waters returned and increased the carbonate productivity again which brought 
on the deposition of the Heath B carbonates (Figure 4.40, part F). Fluctuation of carbonate and 
dark shale deposition ensued until another brief period of regression occurred, particularly in the 
more southern regions, inducing subaerial exposure and development of gypsum deposition 
locally (Figure 4.40, part F). This defined the onset of Heath A carbonate deposition which 
consisted of a minor transgression and continuation of cyclic carbonate and shale sequences 
(Figure 4.40, part G). 
 Carbonate production started to taper off during the deposition of Upper Heath beds 
likely due to some environmental change such as the influx of terrigenous sediment or 
temperature fluctuations outside optimal carbonate production conditions (Figure 4.40, part H). 
These beds contain little calcareous sediment but high amounts of clay. Given the onset of 
regional uplift activity in adjacent areas (Colorado and Wyoming, and in Alberta and 
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Saskatchewan) the transport of clastic sediment from these highlands is the likely cause for the 
environmental change locally.   
 The end of Heath deposition was punctuated by local uplift that is thought to have been 
generated from the continuance of those more regional uplift zones to the south and north of the 
study area from Ancestral Rockies and Milk River Uplift related tectonic activity (Maughan and 
Roberts, 1967; Sando, 1976). Epeirogenic upwarping lifted central Montana to the point of 
subaerial exposure again as had happened in Middle Mississippian time, and induced the 
formation of the regional unconformity and locally incised valleys that separate the Heath from 
overlying Tyler clastics. The source of these deposits came from the highlands to the south and 
to the east initially, and then later from the north with the later onset of the Milk River Uplift 
(Maughan and Roberts, 1967). 
 
4.6    Key Stratigraphic Trends Related to the Petroleum System 
  From the stratigraphic analysis conducted and presented in this chapter, there were 
several significant observations made that indicate the presence of a well-developed petroleum 
system with the Heath Formation. The most notable was the wide extent of the organic-rich Cox 
Ranch shale facies (F2) within the study area which provide ample source rock beds for potential 
hydrocarbon generation. Another key feature was the presence of a high porosity and 
permeability facies (F7) within a widely occurring unit of carbonates (Heath B) across the study 
area; this section represents the potential reservoir and carrier-bed lithology within the system. 
Finally, a vast amount of clay rich shale was identified as being present throughout the Heath 
section (F1 and F9) which provide ample amounts of sealing bed thickness. Based on the 
recognition of these occurrences, it is evident that the key elements for a petroleum system are 
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present internally within the Heath, thus validating its potential as a resource play target. The 
next topic addressed in this study will be assessing the productivity of this petroleum system by 
analyzing the character and quality of the source beds within the Cox Ranch and other organic-

























Figure 4.40: Sequence of paleogeographic maps that illustrate the evolution of stratigraphy within the study area during Late Mississippian when the Heath For-
mation was deposited. A) Deposition of Kibbey Fm. occurred in the east with onset of transgression from the west. B) Transgression continued with deposition 
of mostly Otter Fm. in study area. C) Transition to cyclical regression cycles with periods of subaerial exposure occurred during which Lower Heath beds were 
deposited. D) A new period of complete submergence followed with an influx of terrigenous sediment from the east that caused deposition of the U-Marker unit. 
E) Transition to a significant period of restricted water circulation occurred across the study area during which the organic-rich Cox Ranch shales were preva-
lently deposited. F) Return of circulated waters then followed with significant increase in carbonate production to the south that generated Heath B deposition 
that then transitioned into brief occurrences of subaerial exposure that produced gypsum and carbonate deposits of the Heath A unit. G) Full submergence re-
turned with waters transgressing from the west and deposition of interbedded carbonate and shale of the Heath A unit. H) Carbonate production then shutdown 
due to environmental changes that included influx of terrigenous sediment from regionally adjacent uplifted areas; clay-rich shales of the Upper Heath were de-
posited during this time. I) Finally, local uplift related to regional tectonic processes ended Heath deposition and generated an unconformable boundary between 






SOURCE ROCK ANALYSIS 
 
 As discussed in previous chapters, the Heath Formation contains organic-rich shale beds 
including the Cox Ranch oil shale which makes it the key source rock formation in central 
Montana stratigraphy. There are also multiple organic-rich beds within the Heath overall that 
occur in the Lower Heath, Cox Ranch, Heath B and Heath A units. The next step in this study is 
to assess these source beds by defining their hydrocarbon generation potential, and thus 
determining which have the greatest overall potential. 
The goal in this chapter is to present the results of this source rock analysis conducted on 
the Heath lithologies across the study area which entailed assessing these beds’ organic matter 
(OM) quantity, quality, and thermal maturity, and determining when in geologic history the 
occurrence of hydrocarbon generation and expulsion took place. The specific analysis tasks were 
accomplished using the guidelines for source rock evaluation as described by Peters (1986), and 
Dembicki Jr. (2009). These guidelines inform geoscientists how to use geochemical data sets 
appropriately and accurately to determine a potential source rock’s viability as a hydrocarbon 
generator. The details of these analytical steps are discussed in section 5.1. The resulting 
assessment from the application of these guidelines to the Heath source rock data is discussed in 
section 5.2.  
 
5.1    Source Rock Evaluation Guidelines 
 The three key parameters in source rock assessment are 1) quantity (richness) of organic 
matter (OM), 2) quality of OM, and 3) the thermal maturity of the OM. Together the 
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measurement and analysis of these characteristics help geoscientists assess source rocks’ 
hydrocarbon generation potential (Dembicki Jr., 2009; Peters, 1986). 
 There are multiple factors that drive variation in these parameters. The most fundamental 
one is the amount of OM that gets distributed and preserved in the source rock lithology, and is 
driven by the presence of dead flora and fauna remains accumulating within the depositional 
environment, and whether or not that material gets preserved in the burial and lithification 
process. This variable dictates the amount of weight percent total organic carbon (TOC) that is 
measured in the rock. 
 Another principle factor that drives variation in source rock character is the type of OM 
that is preserved. As discussed by Peters and Cassa (1994), some OM such as that in the liptinite 
maceral group (algae, spores, cutin, and resin) are oil-prone hydrocarbon generators, and are 
characterized as being composed of Type I and Type II kerogen. Other OM such as that in the 
vitrinite maceral group (derived from land plants) tend to generate gaseous HC’s, and are 
characterized as having Type III kerogen (Peters and Cassa, 1994). Still, other OM such as very 
hydrogen-poor coal (inertinite maceral group) has little-to-no hydrocarbon generative potential at 
all; this type of OM is characterized as being composed of Type IV kerogen (Peter and Cassa, 
1994). Thus, the type of OM found in source rocks is dictated by the type of kerogen it is 
composed of; this indicates the quality of that OM in terms of its hydrocarbon generation 
potential. 
  Yet another key factor affecting source rock character variability is the amount of heat 
the buried OM has been exposed to in its burial history. As OM is heated, its kerogen breaks 
down into bitumen, and then bitumen into HCs; once the bitumen reaches a certain temperature, 
the more it is heated, the greater amounts of HCs are generated. With greater HC generation 
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comes greater source rock maturity. Since geothermal temperature increases with depth, greater 
burial depths apply greater temperatures to sediment and the OM that it contains. Also, proximity 
to tectonic activity and magmatism can affect subsurface temperature, thus local events near OM 
present in the stratigraphy can raise the temperature of this OM. These factors that increase 
subsurface temperatures increase the maturity of OM and are the key variables affecting this 
main source rock characteristic. 
 Now that a background has been established on the variables affecting the three main 
source rock characterization parameters, the description of their measurement process and 
considerations about how these values are assessed will be discussed. 
 
5.1.1    Quantity 
 The quantity, or richness, of OM in sediment is most commonly assessed by measuring 
the Total Organic Carbon (TOC) content of rock samples in that sediment. TOC is the key 
indicator of the total amount of organic matter in the rock sample (Ronov, 1958), and is 
expressed as a weight percentage of the amount of organic carbon contained within the rock 
sample being analyzed (Dembicki Jr., 2009). TOC is measured by the amount of CO2 generated 
from the high-temperature combustion of the rock sample after it has been acid treated. The 
measured CO2 indicates the amount of carbon associated with the organic compounds present 
within the rock; the acid treatment removes any carbonate-associated carbon. Table 5.1, from 
Peters (1986), shows how TOC values are used to describe OM richness of source rocks.  
As pointed out by Dembicki Jr. (2009), and as discussed earlier in this section, not all 
OM has the same hydrocarbon-generation potential, so TOC measurement alone is not the most 
reliable source rock indicator. It only measures the amount of carbon within a rock. Hydrogen 
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Table 5.1: Geochemical parameters describing source rock richness (TOC) and HC generative 







is the other key chemical element necessary for hydrocarbon generation to occur, thus a 
measurement of hydrogen in conjunction with TOC is very useful for an assessment of HC 
generation potential of a source rock. The S2 (mg HC/g rock) value in programmed pyrolysis 
captures this hydrogen measurement; it serves as a proxy for the amount of hydrogen present 
within the rock sample based on the amount of hydrocarbons generated from the thermal 
decomposition of the insoluble kerogen in the rock sample. A meaningful way to assess the 
richness of a source rock is to plot TOC data against S2 data (Dembicki Jr., 2009). Samples with 
high values of both TOC and S2 indicate source rocks with high OM content that also have high 
remaining hydrocarbon-generation potential. 
 
5.1.2    Quality 
 The quality of OM is determined by kind of organic compounds it is composed of 
because its composition determines the kind of hydrocarbon products that can be derived from it. 
This goes back to the discussion in the previous section; kerogen type dictates the type and 
amount of hydrocarbons that can be generated. As Peters (1986) points out, the most common 
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and reliable way to classify OM type is by using a van Krevelen diagram which plots atomic H/C 
versus O/C values (Figure 5.1). In order to use this diagram, an elemental analysis of hydrogen, 
carbon, and oxygen must be conducted. Where the ratio values fall on the diagram indicates their 
kerogen type for immature samples, and thus their particular tendencies towards a certain type of 
hydrocarbon end product (oil-prone, gas-prone, or inert). The lines displayed on the diagram 
represent the maturity pathways for each kerogen type; with greater maturity, the values of the 




















Figure 5.1:  Classic van Krevelen diagram taken from Peters, 1986. Plot shows atomic H/C 
versus O/C values showing various hydrocarbon-generative types (I, II, III). Samples taken of 
OM material in sediment from the specified locations and geologic periods specified on the plot. 




points within the plot occur because of the variability in the type and ratio of organic compounds 
that make up the OM, and the OM’s level of thermal maturity.  
Because this type of elemental analysis is time-intensive and expensive, most source rock 
analysis data sets substitute Hydrogen Index (HI) and Oxygen Index (OI) from programmed 
pyrolysis for the H/C and O/C data compiled from elemental analysis. Work done by Espitalié et 
al. (1977) substantiated the use of this substitution by showing that oxygen in kerogen is 
proportional to CO2 liberated during pyrolysis and quantified by the S3 curve, and that the 
hydrogen content is proportional to hydrocarbons liberated and quantified by the S2 curve. 
Espitalié et al. (1977) defined the modified van Krevelen diagram that plots HI versus OI (Figure 
5.2). Source rock analyses of kerogen type commonly use this diagram to estimate the type of 











Figure 5.2: Modified van Krevelen diagram taken from Peters, 1986. This plot shows sampled 
whole rock HI versus OI values from programmed pyrolysis data to determine HC-generative 
types. Results are comparable to the elemental analysis (Figure 5.1). 
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As with the original van Krevelen diagram, this modified diagram also specifies Type I, 
Type II, Type III, and Type IV kerogen. Dembicki Jr. (2009), however, recognizes a fifth type of 
Kerogen, Type II-S. This is shown in his version of the diagram (Figure 5.3). This type of 
kerogen has initial high HI values and low OI values, and is derived from autochthonous organic 
matter with high organic sulfur content (8-14 wt%) deposited under highly reducing conditions 
in marine environments commonly associated with sulfur and other evaporitic minerals (Orr, 
1986). This additional type of kerogen is fairly uncommon, and discussed here because it is 















Figure 5.3: Modified van Krevelen diagram from Dembicki Jr. (2009) showing where the 
additional Type II-S kerogen plots. This diagram also shows interpreted boundaries between oil, 
mixed, and gas generative types.  
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deposited in an anoxic marine environment, is not known to contain OM with such anomalously 
high organic sulfur content, and therefore is not characterized as having Type II-S kerogen. 
 
5.1.3    Thermal Maturity 
 There are multiple proxies for estimating thermal maturity of OM in source rocks. These 
include assessment of vitrinite reflectance (Ro), assignment of Thermal Alteration Index (TAI), 
evaluation of kerogen-type progression on van Krevelen and modified van Krevelen diagrams, 
and programmed pyrolysis parameters including HI, S2/S3, PI and Tmax. Based on much testing 
of these proxies, all provide reasonable estimates although not exact indication of the state of 
thermal maturity a rock sample has reached (i.e. immature =  no HC generation; early mature = 
some oil generation; peak mature = maximum oil generation; late mature = oil and gas 
generation; post mature = gas generation). The least time-intensive and most cost effective, and 
thus the most commonly used proxies in industry are those acquired from programmed pyrolysis 
(HI, S2/S3, PI, and Tmax). Tmax and vitrinite reflectance were the parameters used in this study 
to assess thermal maturity of the Heath source rock beds because of their inclusion in the data 
set, and because of their straight forward application. 
Tmax represents the temperature (in programmed pyrolysis testing) at which the 
maximum amount of S2 hydrocarbons is generated (temperature at which the S2 peak occurs). 
Based on correlation with vitrinite reflectance (Barker, 1974; Espitalié, 1977), larger Tmax 
values indicate greater thermal maturity, but also depend on the type of OM that is present. Table 





Table 5.2: Assessment of thermal maturity based on Tmax range (from Peters and Cassa, 1994). 
Tmax is a good proxy for HC maturity based on its strong correlation with Ro as shown by 









Vitrinite reflectance, being rooted in coal petrography, is one of the most common and 
well accepted proxies for source rock thermal maturity. It is, essentially, the measurement of 
mean value reflectance of randomly oriented particles in a kerogen concentrate. The vitrinite 
particles in this concentrate reflect light, and it has been determined that this amount of reflected 
light increases in relation to vitrinite maturity (Teichmüller, 1987). Because vitrinite kerogen has 
been identified as a component in kerogen found in source rock, its reflectance properties 
associated with temperature have been translated to source rock maturity assessment. The 
standard interpretation used in industry for vitrinite reflectance values is shown on Table 5.3 
from Dembicki Fr. (2009), but originally from Dow (1977), and Senftle and Landis (1991). As 
noted by Dembicki Jr. (2009) further research assessing these vitrinite values (Tissot, 1984; 
Petersen and Hickey, 1987; Sweeney et al., 1987; Tissot et al., 1987) suggest that adjustment of 
the vitrinite values was needed depending on the type of OM present. Table 5.4 lists these 
















5.2    Evaluation of Heath Source Rock OM 
 The techniques used to assess source rock data as described in the previous section were 
applied to OM source bed samples acquired from Heath lithologies. As specified in section 
2.1.10 of the Methodology chapter, 298 samples were combined representing data from 23 well 
locations across the study area. A map of these well locations is shown in Figure 5.4. This data 
set is a compilation from samples tested in GeoMark Research’s Central Montana Resource 
Potential study and from Endeavour International’s pilot well geochemical assessment. The 
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evaluation of the three main OM characteristics 1) quantity, 2) quality, and 3) thermal maturity 
for this Heath data set are described below. 
 
5.2.1    Heath OM Quantity 
 In order to evaluate the OM thickness and richness of the sampled beds, the data was 
organized by their association with Heath stratigraphic units defined in the stratigraphy analysis 
of Chapter 4 (Upper Heath, Heath A and B carbonates, Cox Ranch, and Lower Heath). In 
addition, samples were included from adjacent overlying and underlying beds of the Tyler and 
Otter Formations for comparison purposes. Based on of Dembicki’s suggested OM quantity 
assessment method, TOC values of this data set were plotted against S2 values in order to 
evaluate richness of the OM, as well as its remaining HC generation potential. The resulting 
crossplot is shown in Figure 5.5. 
A fair amount of scatter occurs with both TOC and S2 values ranging from poor-to-
excellent for samples within the Heath facies. In these cases, most TOC values are at or above 
the 0.5% TOC threshold (fair boundary), and more than half fall within the good-to-excellent 
range; whereas, over half of the S2 values fall within the “poor” range. This suggests that a good 
portion of overall Heath OM, especially within the Lower and Upper Heath strata as indicated by 
unit speciation on the crossplot, have reasonably good OM richness, but this OM lacks 
significant remaining strong HC generation potential. 
 One Heath facies, the Cox Ranch unit, stands out as an exception. The majority of 
samples taken from this unit (greater than 80%) exhibit excellent TOC values ranging from 2-26 
wt. % and good-to-excellent S2 values averaging 20 mg HC/g rock. Based on these results, OM 
 









Figure 5.5: TOC (weight %) versus S2 (mg HC/g rock) crossplot. Rock samples from the Cox 
Ranch unit show exceptionally high combined TOC and S2 values falling into the excellent 








within this particular Heath unit show exceptionally good richness that appear to have high HC 
generation potential. Some samples within the Heath A and B carbonates also exhibited 
exceptional TOC and S2 values within the same high range as the Cox Ranch, but these were in 
the minority for samples from those Heath units, and are not considered to be typical for those 
lithologies. 
 Figure 5.6 shows a contour map of average TOC for Heath facies across the study area. 
All contours with color-fill highlight areas with TOC greater than 0.5% which is the cutoff for 
TOC that is characterized as fair or greater. Although this map only shows trends for average 
TOC from multiple sampled beds, the mapped contours do clearly indicate that all locations 
within the study area have Heath OM with TOC that is greater than 0.5%. Also, there appears to 
be a general richness trend with TOC decreasing, generally, to the south. This trend might be an 
indicator of OM maturity given that TOC decreases with maturity due to the consumption of 
kerogen during HC generation (Daly and Edman, 1987). Thus, areas with lower TOC (more 
southern regions of this map) could be indicative of greater OM maturity; this hypothesis 
assumes, however, that the distribution of TOC was evenly disbursed, that kerogen populations 
are similar, and that thermal maturity varied across the study area. This observation will be 
considered and compared to the data in the maturity assessment later in this chapter. 
The main conclusion drawn from this OM quantity assessment is that 1) the OM richness 
of Heath beds is at least fair or better in most locations in the study area, but not all of it has 
strong remaining HC generation potential, and 2) the Cox Ranch unit provides the most 
significant contribution of OM in the Heath overall, and that these beds exhibit world class OM 
richness and HC generation potential based on industry standards. 
 
 
Figure 5.6: Average % TOC contour map of Heath source facies in the study area. Exhibits a general trend of reduction in TOC 




5.2.2    Heath OM Quality 
 In order to evaluate the OM quality of sampled beds in the Heath, the data were again 
organized by their associated stratigraphic units (Upper Heath, Heath A and B carbonates, Cox 
Ranch, and Lower Heath).These were plotted on a modified van Krevelen diagram so that 
kerogen type trends could be analyzed. Figure 5.7 shows the plot of this data. 
 As with the TOC and S2 data in the OM richness assessment, there is substantial scatter 
and variation among the OI versus HI data set in this quality assessment. Some specific trends 
can be gleaned, however, when comparing data within the particular stratigraphic unit categories. 
The majority of the Lower Heath samples plot between the Type II and Type III curves. This is 
true for the Upper Heath and Heath A and B carbonates as well. Given the restricted shallow 
marine setting for overall Heath deposition, these results are not surprising. Both shallow marine 
to intertidal environments were present throughout Heath deposition, thus resulting in a variety 
of OM from multiple organism sources likely including marine plankton such as algae and 
radiolaria, and other marine macro-organisms (Type I and II kerogen), as well as from coastal-
derived plant matter such as mangroves (Type III kerogen). 
 The Cox Ranch data are anomalous compared to the other Heath facies however. These 
data, almost exclusively, plot along the Type I kerogen pathway. This suggests that the Cox 
Ranch facies has a distinguishably different type of OM (kerogen) from the other Heath facies. 
As discussed in Chapter 4, the Cox Ranch is described as being deposited in a low-energy, 
relatively anoxic, shallow marine environment, and has typical characteristics of a marine oil 
shale (i.e., dark gray-to-black in color, laminated bedding, and relatively thin as a stratigraphic 
unit). Given that the Cox Ranch exhibits these characteristics and plots along the Type I pathway 






Figure 5.7: Heath data plotted on modified van Krevelen diagram. Significant scatter of OM type 
is observed among the various Heath units; however, the Cox Ranch samples consistently plot 











lamalginite are strong candidates for being the source of OM for the Cox Ranch. This is based on 
Hutton et al.’s (1994) assertion that the alginate maceral group plots as Type I on the van 
Krevelen diagram.  Thus, the Cox Ranch data plotting parallel to the Type I curve is likely 
representative of the Type I kerogen, alginite. 
 The OM quality of the Heath facies was evaluated based on kerogen type occurrences. 
Type I kerogen is very oil prone, Type II is oil prone, the area between Type II and Type III is a 
mixture of oil prone and gas prone OM, and Type IV is inert OM that is not capable of HC 
generation (Peters, 1986). Upper Heath generally plotted as Type II so the OM from this facies is 
classified as oil prone. Heath A and B carbonates and the Lower Heath facies mainly plotted 
between Type II and Type III with a few Type I exceptions so the OM from these facies is 
classified as both oil and gas prone. The Cox Ranch plotted almost completely as Type I, so its 
OM is classified as very oil prone, and thus is considered to have the best OM quality. 
 The generation of HC’s is not solely dependent on the presence of HC generative OM; 
the OM has to be heated enough for the HC generation process to occur. This other key factor is 
measured through thermal maturity evaluation of OM, and is the next topic of analysis discussed. 
 
5.2.3     Heath OM Thermal Maturity 
 The OM data for the Heath was evaluated for thermal maturity trends using multiple 
methods. Those included an assessment of Tmax in association with HI (Tmax vs. HI plot), as 
well as an analysis of measured and calculated vitrinite reflectance. These will be discussed 
sequentially below, followed by a discussion of the geographical maturity trends seen in their 




5.2.3.1    Tmax and HI Analysis 
 To assess the Heath OM using these thermal maturity evaluation proxies, the data were 
organized by their associated Heath stratigraphic units and then input into a crossplot of Tmax 
versus HI. This crossplot is shown in Figure 5.8. Table 5.2 (presented earlier in this chapter), was 
referenced to interpret the maturation window for oil prone versus gas prone OM based on 
Tmax. This table illustrates that measured Tmax values ranging from 435-470°C indicate OM 
that has reached the oil window maturity. Tmax values exceeding 470°C indicate that the OM 
has transitioned into the gas generation window. These Tmax ranges for HC maturity are not 
exact since different types of OM can have varying Tmax ranges for maturity. This particular 
range is typical for most common Type II kerogens however.  
  Using the established common maturity ranges for Tmax values, the plotted Tmax vs. HI 
data in Figure 5.8 were interpreted. There is significant scatter among the data but some clear 
trends were observed. The Upper Heath data points mostly plotted below 435°C Tmax, and so 
are considered to be immature and not in the oil window. Their HI values ranged considerably 
from 25-700; this suggests significant variability in OM Type (I, II, and III) as opposed to a 
simple progression in maturity. 
 Data from the Heath A and B carbonates, and from the Lower Heath units also exhibited 
great variability in kerogen type as indicated by the vertical trend of the plotted points. There is 
significant spread across Type II and Type III pathways, instead of localization along one 
pathway. Tmax values generally range from 420-450°C indicating that the OM in these Heath 
units reaches early-to-peak oil generation maturity, but the large variability of kerogen type 






Figure 5.8: Tmax (°C) versus HI (mg HC/g Corg) crossplot of Heath data. This is used to evaluate 
thermal maturity trends of OM within Heath internal units. The Cox Ranch unit samples are 
highlighted in blue. 
 
 The Cox Ranch OM data exhibit a clearer maturity progression along the Type I/Type II 
pathway, with HI mostly ranging from 200 to 800 mg HC/g rock, and Tmax from 420-450°C. 
The Tmax values indicate that the Cox Ranch kerogen reaches early-to-peak oil generation 
maturity, while the HI range (200-650) tends to reflect a little better progression along the Type 




 The main observations made from this Tmax-HI thermal maturity assessment are that 1) 
the OM occurring within the Upper and Lower Heath facies are considered to be mostly 
immature, and in some limited cases, within the early mature oil generation stage, 2) the OM 
within the Heath A and B carbonates have Tmax values indicating early-to-peak oil generation 
maturity, but limited oil generation potential due to the large occurrence of Type II-III 
characterized samples, and 3) the Cox Ranch OM has early-to-peak stage oil generation 
maturity, with mainly oil prone Type I/Type II characterized OM. Based on these results it seems 
that the Cox Ranch beds likely represent the key source rock facies within the Heath based on 
organic richness, kerogen quality and maturity parameters. 
 
5.2.3.2    Vitrinite Reflectance Analysis 
 The measured vitrinite reflectance (Ro) data set was far less robust than the programmed 
pyrolysis data set. Only 17 measured samples total from four locations were compiled. To help 
make the data set larger, the existing vitrinite data was correlated with associated Tmax values 
for each data point in order to generate a linear regression equation (modeled from Jarvie et al., 
2001). The corresponding plot is shown in Figure 5.9. Because the correlation was reasonably 
strong (R
2
 = 0.816), the regression equation could then be used to estimate Ro values for data 
points that had Tmax values. This resulting equation was as follows: 
 
  y = approximate Ro          (5.1a) 
  y = 0.0174x – 6.093          (5.1b) 







Figure 5.9: Tmax (°C) versus measured Ro. This plot was used to generate a linear regression 
equation that could be used to estimate Ro (y in the equation) for unmeasured Ro samples based 
on known Tmax values (x). 
 
This process of calculating Ro was carried out for all Heath samples that had Tmax data, and then 
was combined with the measured Ro data set for analysis. 
 In order to analyze the vitrinite reflectance data, Ro was plotted versus depth, in addition 
to the data being organized by stratigraphic units. This plot is shown in Figure 5.10. Large 
amounts of Ro variance occur for all stratigraphic units, but generally range from 0.40-1.0 % Ro. 
Based on standard descriptions of HC generation maturity related to Ro (Table 5.4) from 
Dembicki Jr. (2009), Heath OM ranges from immature-to-peak oil generation maturity, with the 
majority of the Heath OM sitting in the immature-to-early oil maturity range (< 0.6 to 0.8). 











5.2.3.3    Tmax and Ro Contour Maps 
 In order to assess geographical trends in the Heath’s OM thermal maturity, gridded 
contour maps of both Tmax and Ro data were generated. This was accomplished by taking an 
average of the data point values for each parameter at each location, plotting the averages on the 
study area map in Petra, and then creating a 2-D grid based on those data average values. The 
resulting contour maps (Figure 5.11, parts A and B) illustrate the variance of Tmax and Ro across 
the study area.  
The main trend seen on the Tmax contour map is that Tmax values tend to increase from 
























Figure 5.11A: Tmax (°C) contour map. Exhibits the variance of Tmax across the study area thus indicating thermal maturity 
trends. A north-to-south increase, especially in the south-central region, is evident (Contour Interval = 1°C).  
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Figure 5.11B: Ro (%) contour map. Exhibits the variance of Ro across the study area. The thermal maturity trend seen here is es-
sentially mirrors that found on the Tmax contour map; maturity generally increases towards the south with the greatest maturities 




1/3-to-1/4 portion of the study area; Tmax values are particularly high in the adjacent areas of 
northeastern Musselshell County and northwestern Rosebud County. The Ro contour map 
exhibits essentially the exact same results; the same trend in thermal maturity with an increase 
from north to south is seen with the highest maturities found in northeastern Musselshell and 
northwestern Rosebud Counties. The TOC contour map (Figure 5.6) shown in section 5.2.1 can 
be related to this increase in maturity from north to south. Recall that as OM is heated and 
evolved into HCs its TOC gets reduced because the carbon from the OM is being used to create 
HC molecules. Given this occurrence, we would expect to see TOC be reduced with an increase 
in thermal maturity. The TOC contour within the study area exhibits a general decrease in TOC 
from north to south, thus matching up with the general increase in thermal maturity from north to 
south. 
 The cause for the north to south increase in thermal maturity is not clear, but local 
variations in subsurface heat flow, historic structural shifts or inversions and differential 
subsidence, or some combination are believed to have influenced this maturity trend. A 
geothermal gradient contour map (Figure 5.12) was created from a corrected bottom hole 
temperature data set to assess whether hotter present-day subsurface zones within the study area 
correlated with thermal maturity trends. The results of this are inconclusive. The geothermal 
gradient seems to be fairly variable across the study area. However, one could argue that, 
generally, regions to the south of the main wrench faults (Cat Creek Fault in particular) appear to 
be hotter than those areas in between and north of the fault zone. This interpretation is tenuous, 
but it seems to match up roughly with the increase in thermal maturity on the Tmax and Ro 
contour maps as well. At some point in the basin’s tectonic history, heat flow from up through 
the southern portions of the wrench fault zone could have spread around the subsurface in areas  
Figure 5.12: Present-day geothermal gradient (°F/100 Ft) contour map. This shows the interpreted variance of the subsurface  
thermal gradient in the study area. The location of wells used for this model are shown on the map  




to the south. The other alternative could be that regions to the south of the wrench faults sat 
structurally lower in the subsurface than regions to the north at some point in the past, thus 
allowing them to be heated more thoroughly. Given the history of structural inversion from 
regional compressional stress during the Laramide, it is plausible that these hotter regions were, 
in fact, lower structurally before the onset of the Laramide, and then were uplifted significantly 
as a result of the Laramide deformation. These hypotheses are assessed further in the next section 
after results from the basin maturity models are presented. 
 
5.3    Basin Maturity Modeling for Central Montana 
 Basin maturity models for six well locations within the study area were created using 
Platte River Associates’ BasinMod program. These were generated to better understand the 
thermal maturity trends seen in the basin, and to determine the timing for the onset of HC 
generation within the Heath source beds. The information provided by this modeling indicated 
the possible depths and the points in geologic time when HC generation began, when it 
accelerated, and when it shut down. The timing and depth analysis for onset of HC generation 
helped with assessing the cause for thermal maturity trends by implying whether variations in 
heat flow, structural evolution, or both were the main influences on maturity. A discussion of this 
assessment will follow after the description of how these models were created, and what their 
resulting attributes were are presented. 
  
5.3.1    BasinMod Inputs and Parameters 
There were two main data criterion used for selection of the well locations used for this 
modeling exercise: 1) the borehole needed to penetrate all the way down through the Heath 
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Formation in order to provide the well-log information necessary to interpret depth and thickness 
of the full suite of central Montana stratigraphic formations for burial history, and 2) the well 
needed to have Ro and programmed pyrolysis data so that maturity levels for given depths could 
be calculated and used to calibrate the BasinMod model. The six wells that were selected based 
on these criteria were the Cherry Creek #1, Kincheloe #1-6, Poseidon #1, State #1, Staunton #1, 
and the Zeus #1. Their locations in the study area are shown on the map in Figure 5.13. 
 The most significant goal for this modeling exercise was to determine the timing for the 
onset of HC generation. A burial history model approach (as opposed to a geohistory model) was 
used due to insufficient sea level and sea depth knowledge for the basin. With this approach the 
two main data inputs included stratigraphy and heat flow parameters. Specifically for 
stratigraphy, each formation’s age, thickness, and lithology type were entered into the BasinMod 
database, in addition to erosion thickness (i.e., missing section) for formations where significant 
erosion occurrences were interpreted. This information was gathered from well-log interpretation 
and formation descriptions from the USGS (Condon, 2000). For the heat flow parameters, both 
paleosurface temperatures (°F) and subsurface heat flow values (mW/m
2
) were considered and 
added to the data base. Specifically for paleosurface temperatures, these were interpreted based 
on Barker’s (1994) paleolatitude-derived model for surface temperature; their time vs. latitude 
vs. surface temperature plot was used to estimate paleosurface temperatures for the study area 
latitude back to 350 Ma. For the subsurface heat flow inputs, present day values for Montana 
were acquired from Southern Methodist University’s (SMU) heat flow database, and then those 
values were gridded and contoured to estimate present day values in the study area. These were 
used as the baseline values for heat flow during inactive periods of tectonism. Heat flow values 
were estimated and varied back through time to 350 Ma; they were increased for periods that  
Figure 5.13: Basin model well location base map with Tmax (°C) contour overlay. Well names are highlighted with red text. The 




endured tectonic activity, and were decreased for periods with no activity. In order to calibrate 
this heat flow variance, initial maturity models for each well were run, and the maturity levels 
were compared to the independent geochemical values (Ro) from the source rock analysis; the 
heat flow values were then adjusted until the maturity levels of the models matched the Ro 
maturity from the geochem data. It should be pointed out, however, that these models that fit the 
independently measured maturity values from the study area should be considered viable but not 
unique solutions. 
 
5.3.2    Basin Maturity Model Output and Results 
 The final calibrated basin maturity models for the six wells are shown in Figure 5.14, 
Parts A-F. Within these models, the Heath Formation burial event is highlighted in red. The HC 
generation maturity windows are highlighted in yellow and green; yellow indicates early oil 
maturity (0.5-0.7 % Ro) and green indicates peak oil maturity (0.7-1.0 Ro). Note that a gas 
maturity window is not included because OM from the Heath never reached this stage. The 
generated models were analyzed based on the following attributes: present-day burial depth, max 
burial depth, maximum % Ro, heat flow variance, onset of oil generation, and termination of HC 
generation. For easy comparison, the results are shown in Table 5.5. Taking into consideration 
the location of each of the modeled wells, the main observations from this assessment were as 
follows: 1) maturity increases towards the south-central portion of the study area (Zeus and 
Kincheloe) with a sharp increase occurring across the Cat Creek Fault zone (compare Cherry 
Creek to other wells) as indicated by the Ro values and the thickness of the HC maturity zones on 
the maturity models, 2) the maximum burial depth of the Heath is greater to the south with a 




Figure 5.14A: Basin maturity model for the Cherry Creek #1 well. The Heath burial event is highlighted in red. Early oil maturity is highlighted in 




Figure 5.14B: Basin maturity model for the State #1 well. The Heath burial event is highlighted in red. Early oil maturity is highlighted in yellow, 





Figure 5.14C: Basin maturity model for the Poseidon #1 well. The Heath burial event is highlighted in red. Early oil maturity is highlighted in yellow, 





Figure 5.14D: Basin maturity model for the Zeus #1 well. The Heath burial event is highlighted in red. Early oil maturity is highlighted in yellow, and 





Figure 5.14E: Basin maturity model for the Kincheloe #1-6 well. The Heath burial event is highlighted in red. Early oil maturity is highlighted in yellow, 





Figure 5.14F: Basin maturity model for the Staunton #1 well. The Heath burial event is highlighted in red. Early oil maturity is highlighted in yellow, and 





Table 5.5: Observed maturity model characteristics. Values were interpreted from the individual 







flow was likely greater to the south for the maturity level of the Heath’s OM to reach their 
present day value because burial depth alone doesn’t seem to account for current maturity status 
(this was tested with initial maturity models that used steady state heat flow but took into account 
the different burial histories), 4) the onset of HC generation occurred in Late Cretaceous across 
the study area, and coincides with the onset of significant subsidence during a period of mass 
sedimentation and deposition from the presence of the Cretaceous Interior Seaway, and 5) the 
termination of HC generation coincides with the onset of the Laramide Orogeny and period of 
significant uplift regionally. The timing of onset and termination of HC generation was 
determined by noting the extent of the HC generation zones within the models; all wells 
exhibited similar timing trends.   
 
5.3.3    Thermal Maturity Trend Assessment 
  The observations made from the basin maturity models suggest that the wrench fault 
zone, especially the Cat Creek Fault itself, plays a significant role in the variance of thermal 
maturity within the study area. The one well north of this boundary (Cherry Creek) shows 
significantly less maximum maturity (0.71 % Ro at this well compared to 0.85+ for the State, 
Poseidon, Zeus, and Kincheloe); coincidently it also exhibited significantly shallower maximum 
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burial depth (7,000 ft versus 8,700+ ft) and relatively lower heat flow values (< 60 versus in the 
lower 60’s). These results indicate that multiple factors play a role in the maturity trend. One 
factor is the structural changes and differential subsidence that occurred, particularly during and 
relatively shortly after the deposition of the Heath and Tyler Formations. A direct comparison of 
the Heath and Tyler stratigraphic events in the Cherry Creek well versus other southern wells 
shows that thicker Heath and Tyler beds developed, and deeper burial depth occurred during the 
Late Mississippian through the Jurassic. This is likely due to the fault block south of the Cat 
Creek Fault line being down-dropped subtly and incurring greater subsidence as compared to the 
northern fault block during this time period. Because of this greater subsidence and burial depth 
of Heath beds to the south, the OM was exposed to greater subsurface temperatures that 
accelerated its maturity state during the early stages of burial. Variance in heat flow, although 
subtle, also seemed to be a factor in the maturity trend. Notably higher values of heat flow may 
have occurred along and to the south of the Gumbo Ridge Fault zone suggesting that this fault 
served as a conduit and a boundary for greater heat flow values in the southern portions of the 
study area. 
 Results from the Staunton well serve as justification that both structural/subsidence 
variation and heat flow affected the maturity trend. Based on the maturity model, OM from the 
Heath at the Staunton well achieved some of the greatest burial depths in the basin (9,000 ft), but 
was exposed to lower heat flow values (48-51 mW/m
2
). This combination of factors resulted in 
slightly greater thermal maturity than the Cherry Creek results, but less maturity than OM in the 
wells further to the east (Kincheloe, Zeus, Poseidon, and State wells). This suggests that both 
high heat flow and deep burial depth were needed to achieve the greatest thermal maturity levels 
observed in the study area. 
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 Recall that results from the Tmax and Ro maturity contour maps (Figure 5.11, Parts A 
and B) also suggested an increased thermal maturity trend towards southern localities in the 
study area. The cause of this trend was difficult to determine from that data alone, but with the 
information provided from the basin maturity models, it seems plausible that both structural 
evolution and heat flow variance were the main factors that drove this trend. 
 
5.3.4    Ro versus Depth Trend and Burial History Model 
 As is evident from each of the maturity models, the major uplift event of central Montana 
stratigraphy caused by the Laramide Orogeny was the key factor in shutting down HC 
generation. At each location, the HC generation maturity zones flattened out, thus indicating the 
termination of HC generation, as the stratigraphy was uplifted above the lower temperature limit. 
Despite this occurrence, the achieved maturity level, as recorded by thermal maturity proxies 
(Ro, Tmax, etc.), is frozen at its maximum maturity state even when the OM is removed from 
high temperatures and HC generation has shut down. This is seen from the Ro data acquired from 
the central Montana stratigraphy. Figure 5.15 shows a plot of Ro versus depth for Ro acquired 
from multiple formations in the BN 1-7 well. From this plot, it was determined that 0.6% Ro 
maturity generally occurs in strata sitting at 2,000 ft present-day depth of burial which is much 
shallower than normal depths for active source rock at the onset of oil window maturity; usual 
depths for this type of maturity are at least 6,000-7,000 ft. Given this anomalous occurrence, it is 
clear that the onset of HC generation occurred previous to uplift from the Laramide when these 
strata were buried at least 4,000-5,000 ft deeper than today. This corroborates the findings from 
the maturity models that indicate HC generation occurred during the Late Cretaceous through the 






Figure 5.15: Ro (%) versus Depth (Ft) plot for the BN 1-7 well. Exact data points are excluded 
due to their proprietary nature, but the best-fit line was interpolated based on those points. 
Interpreted line was plotted based on data samples from multiple formations including the 







5.4    Source Rock Trends and the Petroleum System 
 The general conclusions drawn from this source rock analysis of the Heath Formation are 
as follow: 1) high TOC is prevalent across the study area but not all of it has strong HC 
generation potential, 2) Heath OM kerogen type is variable containing Type I, Type II, and Type 
III varieties, but the Cox Ranch OM is consistently characterized as being Type I/Type II which 
are highly oil prone kerogen types, 3) with regard to thermal maturity, Upper and Lower Heath 
OM are generally immature with a few exceptions in the early-oil maturity window; the Cox 
Ranch OM and Heath A and B carbonates, however, show early-to-peak oil maturity, and 4) 
contour mapping of thermal maturity shows a general increase in maturity from north to south 
with a particularly high maturity zone occurring in northeastern Musselshell and northwestern 
Rosebud Counties. 
 These results suggest that the Heath Formation, but more specifically, the Cox Ranch unit 
is a highly viable source rock for the petroleum system in central Montana, and provides an 
internal source for the Heath petroleum system. Based on the stratigraphic analysis, this Cox 
Ranch source appears to be a potential source across the whole study area; however, a more 
refined view of this potential takes shape when considering the maturity trend. Based on the 
Tmax and Ro contour maps, it becomes apparent that only certain areas incurred the necessary 
source rock maturity for HC generation, thus limiting the viable, mature source bed areas to a 
more restricted region in the south-central portion of the study area. Figure 5.16 shows this 










CENTRAL MONTANA PETROLEUM SYSTEM 
 
 Now that the Heath stratigraphy and source rock character has been established and 
discussed in detail, the petroleum geology of central Montana will be addressed with emphasis 
placed on defining the petroleum system in the area. This discussion will first describe the 
conventional view of the central Montana petroleum system by describing what have been 
considered the key source and reservoir units, and discussing the aspects of conventional 
reservoirs that were targeted, and their associated field locations and cumulative production. 
Then the discussion will transition to defining the restricted Heath petroleum system, and 
discussing how this model will drive the approach to targeting the Heath as an unconventional 
resource play candidate. 
 
6.1    Central Montana Petroleum Geology and the Petroleum System 
 Central Montana has a long history of oil production from the conventionally defined 
petroleum system recognized there, with the Heath Formation being the most prolific source rock 
for the HC production out of Figure 6.1 highlights the Heath source beds and the proven 
reservoir units in the central Montana stratigraphic column (modified from Aram, 1993b). 
The first discovery well in central Montana was drilled in 1919 in Devil’s Basin field 
(Halvorson, 1993; Montana Board of Oil and Gas Conservation, 2012) which happened to 
produce out of the Heath A and B carbonates (at that time this Heath carbonate zone was referred 
to as the Van Duzen zone). Since the time of that discovery up through present-day, the Heath is 





Figure 6.1: Central Montana stratigraphic column (modified from Aram, 1993b) with 
conventional petroleum system elements highlighted.   
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(MBOGC, 2012) from over 43 fields (Figure 6.2), and multiple reservoir formations as indicated 
in the stratigraphic column. Specifically, the conventional production out of the Heath reservoirs 
has totaled 370,000 bbls. Production from Tyler reservoirs has totaled over 100,000,000 bbls. 
The combined production out of the remaining reservoirs (Amsden, Piper, Swift, Morrison and 
Cat Creek units) has totaled approximately 36,000,000 bbls (MBOGC, 2012). Based on these 
results, the Tyler sandstones qualify as the most prolific and prospective reservoirs in the area 
having produced more than 70% of the total production across the basin. 
 The location of established oil fields in central Montana is shown in Figure 6.2. Note that 
the main loci for production occur in northern Musselshell and northwestern Rosebud Counties. 
Based on the thermal maturity trends established in the previous chapter, this trend is likely 
attributed to the reservoir beds being adjacent to mature HC generative Heath source beds, with 
short range migration pathways connecting the source beds to both stratigraphic and structurally 
trapped reservoirs. As mentioned above, the majority of production has come from Tyler 
reservoirs, especially in this area of concentrated production. This is an expected observation as 
Tyler sandstone facies represent incised valley-fill deposits that cut down into the Heath, and in 
areas where these sands have been most productive, are juxtaposed directly against Heath source 
rock facies (Norwood, 1965; Kranzler, 1966). The short migration pathways from mature Heath 
source beds (Cox Ranch unit) to those Tyler sandstone reservoirs have served as the key 
petroleum system element associations that have driven the most productive zones in the central 
Montana petroleum system.  
 
6.2   Heath Petroleum System 





Figure 6.2: Central Montana Heath sourced oil fields produced mainly out of the Tyler 
Formation (Taken from Maughan, 1984). 
 
Snowy Trough has had some conventional HC play development success with over 137 million 
bbls of oil production throughout its almost 100 year history, but when compared to more 
renowned petroleum provinces in the U.S. this is really only marginal success. Given this limited 
rate of historical production despite having the presence of a world class type source rock (Cox 
Ranch unit) suggests that another approach is needed to recognize and recover HC’s in this 
basin. 
 Cole and Drozd’s research on this petroleum system (1994) indirectly points to a 
solution. In their assessment of the this system’s generation-migration efficiency, they estimated 
that only about 40% of the oil generated within the source beds of the Heath migrated out into 
the overlying reservoirs (the Tyler in particular); this suggests then that roughly 60% of the HC 
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generated still remains in place within the Heath beds. That is a significant number, and 
substantiates the idea of considering the Heath as a resource play target, and as such, the Heath 
must be assessed as its own self-contained petroleum system. This refined view is shown in 
Figure 6.3. Based on the stratigraphic and source rock analyses conducted in this study, it is 
evident that the necessary petroleum system elements and processes are represented in the Heath 
Formation. Their occurrence and geographic extents are addressed in the following sections. 
 
6.2.1    Heath Petroleum System Elements 
 From the stratigraphic and source rock analyses, key lithologies within the Heath were 
identified as representing elements that make up a petroleum system. To review, they are as 
follows: the Cox Ranch unit is considered to be the source rock interval, the porous and 
permeable Heath B carbonates are considered to be the reservoir interval, and the Upper and 
Lower Heath shale facies are considered to be the sealing intervals. 
As discussed in the source rock analysis, the Cox Ranch unit exhibits world class source 
rock character with average TOC’s of 9%, average S2 values around 50 mg HC/g rock, and Type 
I/Type II kerogen with maturity in the early-to-peak maturity window for oil generation (430°C 
average Tmax). These aspects clearly indicate it as being the key source rock unit within the 
Heath petroleum system. The isopach interpretation presented in the stratigraphic analysis 
chapter is shown again here (Figure 6.4); it indicates that this source rock unit is present across 
the whole study area, with thinner beds (< 10 ft) occurring to the south. The main point to take 
carrier beds in the Heath. Porosity values range from 3-20% within the carbonate stringers in this 
unit; the permeability of those same beds ranges from 1-64 microdarcys. A key dolomitized bed 






































Figure 6.3: Restricted Heath resource play highlighted within the central Montana stratigraphic 
column (modified from Aram, 1993b). 
 
and permeability (12-20% porosity; 40-60 microdarcy permeability). Because of the more likely 
storage space within the Heath B unit as a whole, it is designated as the key reservoir unit in the 
Heath. The isopach interpretation of this unit, shown again here in Figure 6.5, indicates its 
widespread occurrence in the study area as well, but with significantly greater thicknesses in the  
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southern regions of the study area; this occurrence makes it a strong reservoir carrier-bed 
candidate. The overall net-to-gross thickness of the carbonate beds within the interbedded shale-
carbonate unit, however, could drive the main limitations to exploiting this play; the overall 
limited storage space available could be a key factor. 
 Also previously discussed, the presence of abundant clay-rich shale within the Upper and 
Lower Heath units above and below the key source and reservoir units provide great sealing 
potential for the Heath petroleum system. Where the system is not completely sealed due to 
locally incised Tyler valleys, however, then breach of the Heath petroleum system could occur. 
An isopach of the Upper Heath is shown in Figure 6.6; this map indicates substantial erosion of 
the Upper Heath in areas of northwestern Rosebud County where the main Tyler Valley cuts 
through, but overall, the Upper Heath shale occurs extensively across the study area. Thus, the 
Upper Heath shales are considered to represent viable seal facies for most of the Heath 
petroleum system.  
To summarize, the main lithological elements necessary to substantiate a petroleum 
system exist within the Heath. The source beds of the Cox Ranch are directly adjacent to the 
overlying reservoir beds of the Heath B carbonate unit, and this source-reservoir package has 
overlying and underlying shale seal facies present within the Upper and Lower Heath units that 
serve to contain the generated HC’s within the Heath itself. Thus, the building blocks for the 
Heath petroleum system are established. The evidence for the occurrence of petroleum system 
processes within these beds is discussed next. 
 
6.2.2    Heath Petroleum System Processes 
 The key Heath petroleum system elements have clearly been established. The indicators 
 
Figure 6.4: Cox Ranch Shale unit isopach map. Cox ranch beds are present across the study area, but show a thickening trend from 
south to north (Contour Interval = 1 Ft). 
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Figure 6.5: Heath B carbonate unit isopach map. Heath B carbonate beds are present throughout the study are but tend to thicken 
towards the south, especially in the south-central and southeastern regions (Contour Interval = 2 Ft). 
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Figure 6.6: Upper Heath unit isopach map. Exhibits significant erosion of these beds within the Tyler Valley trend, but overall  




that this restricted petroleum system was, at one point, active are shown by the evidence for the 
occurrence of petroleum that include HC generation, expulsion, migration, and accumulation. 
 In regard to expulsion, the physical evidence is exemplified by the presence of horizontal 
hair-line fractures within the organic rich beds of the Cox Ranch. Figure 6.7 shows photographs 
of those fractures seen from the Poseidon core. These fractures are hypothesized to have been 
generated from the micro-pore overpressuring that occurs when OM transforms into 
hydrocarbons and a phase change and expansion of molecules takes place (Xiongqi et al., 2005) 
causing enough force for the source rock to fracture along its bedding planes. These same kinds 
of horizontal fractures have been observed in other source rocks including the Bakken (Price and 
Stolper, 2000). The fact that these same organic rich beds of the Cox Ranch exhibit oil 
generation maturity values helps to corroborate that these fractures were generated by the 
occurrence of HC expulsion. 
 In regard to accumulation processes, direct evidence of this occurring in the carrier-bed 
reservoirs of the Heath B carbonate unit are shown by the fluorescence of these present HC’s 
within the core sample section of the Poseidon and Zeus cores. Photographs of this evident oil 
fluorescence are shown in Figure 6.8, Parts A and B. Part A exhibits fluorescence in limestone 
beds in the Cherry Creek #1 well core, and Part B shows the Heath B dolomitic beds in the 
Poseidon #1 well. Note how the porous zones of the carbonate unit fluoresce while the tighter 
adjacent shale beds do not. This is a clear indicator that the Heath B carbonates are capable 
reservoir lithologies. 
 Finally, in regard to migration processes the fact that HC’s have accumulated in the 
Heath B carbonates clearly indicates that migration had, in fact, occurred. In order for generated 

























Figure 6.7: Horizontal fractures observed within the organic rich black shale Cox Ranch unit in 
the Poseidon #1 well core. These are generally calcite filled partings between shale laminations 






Figure 6.8A: Cherry Creek #1 core exhibiting Heath B limestone that has an oil charge. This is 
indicated by the gold fluorescence when the core is exposed to ultraviolet light. 
  




pathways would need to have been present to connect the two. These are likely present on a very 
small scale (micro-scale) because the presence of macro vertical fractures between the Cox 
Ranch and the Heath B appear minimal. However, due to the adjacent relationship between these 
two beds, development of short micro-scale fractures and permeability to provide connectivity is 
all that is needed, and are likely the pathway mechanisms that were at work here. 
 Thus, in summary, the direct observation of horizontal fractures and oil accumulation in 
the Cox Ranch and Heath B carbonates respectively serve as evidence for the presence at some 
point in time of key active petroleum system processes (expulsion and accumulation). Because 
the occurrence of expulsion and accumulation were evident, it is surmised that migration also 









TIGHT OIL RESOURCE PLAY IN THE HEATH 
 
 The recognition of necessary elements and processes for the presence of a petroleum 
system and the occurrence of OM maturity appropriate for oil generation all contained within the 
Heath substantiates it as a tight oil resource play target. With this status, an assessment of the 
Heath’s potential development is addressed. This is accomplished by 1) comparing the 
geographic trends observed in the system elements with OM maturity trends to project the best 
potential development areas, 2) conducting a volumetrics assessment, and 3) addressing other 
considerations such as reservoir target thickness, formation pressure, and drive mechanisms. The 
discussion to follow in this chapter addresses these development parameters, and leads to 
projections for the future of oil exploration and development in what has been defined as the 
Heath tight oil resource play. 
 
7.1    Heath Petroleum System Elements versus OM Maturity 
 Given the established presence of source, reservoir, and seal lithologies within the Heath 
Formation, the question becomes where, geographically, are the most optimal conditions for 
significant HC accumulations. To answer this question, source thickness trends were 
reconsidered, and compared to thermal maturity trends for the Heath OM. 
 Recall that both the source beds of the Cox Ranch and the sealing shales of the Upper and 
Lower Heath were, for the most part, present across the whole study area. However, there were a 
few important variations present within this general assessment. One of these was a clear 
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thickening trend from south to north observed in the Cox Ranch Shale unit. Despite this trend, 
there is adequate thickness in the more southern beds to provide enough OM to generate HC’s, 
thus doesn’t need to be a constraining factor. The other critical trend was observed within the 
sealing facies of the Upper Heath; a 6 mile x 6 mile area in northwestern Rosebud County for the 
Upper Heath isopach map (Figure 6.6) exhibits thinning to absence. This zone of thinness in the 
overlying seal facies should definitely be taken into consideration in development location 
selection, due to the detrimental effects the lack of a seal can have on accumulation in reservoirs. 
 In regards to the Heath B carbonate reservoir facies, there is a trend of thickening towards 
the southern regions of the study area, and especially localized thickness development in 
northeastern Musselshell and northern Rosebud Counties. This is the most significant and 
important thickness trend observed as it relates to reservoir capacity; with more storage space 
comes greater capacity for HC accumulation, thus this trend requires principle consideration in 
determining development location. 
 To summarize the system elements thickness assessment, source and seal lithologies are 
expected most everywhere in the study area with one anomalous 6 x 6 mi region in northwestern 
Rosebud County that lacks seal integrity. Combining the Heath B reservoir trends, the potential 
development zone becomes more focused to northeastern Musselshell County and northern 
Rosebud County outside of the pocket with limited seal facies where the thickest packages of 
reservoir rock have developed. 
 To complete this assessment, these results were then compared to the Tmax thermal 
maturity trend. Specifically, both Tmax contours and Heath B carbonate isopach contours were 
plotted on the same map which is shown in Figure 7.1. The combination of these data sets helped 
to focus in on areas that have the best storage capacity combined with the greatest amount of HC 
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generation. From this analysis, two separate zones of higher maturity combined with greater 
reservoir thickness can be identified. One occurs in northeastern Golden Valley and northwestern 
Musselshell Counties. This anomalous zone appears to be suspect however because of having 
very little Tmax data control, so the high maturity zone is questionable. More geochem data 
points are needed here to better assess the maturity trends before this area should be considered 
prospective. The other high maturity-thick reservoir storage zone, which occurs in northwestern 
Rosebud and northern Musselshell Counties, has much better data control for both the maturity 
and stratigraphic interpretations. This zone exhibits reliable data trends that indicate optimal 
maturity and high reservoir capacity, and thus should be considered as the most prospective 
region in the study area; it is highlighted on the map in Figure 7.1, along with the small area that 
exhibits lack of sealing facies. Areas that fall within this zone, but avoid the questionable seal 
integrity region, are recommended for exploration and development focus within the Heath 
resource play horizon. 
 
7.2    Volumetrics for Heath Resource Play 
 In considering the Heath as a potential resource play, one of the main factors in 
addressing the play’s importance and viability is estimating the amount of oil it has generated, 
and the amount that could potentially be recovered. Thus, a volumetrics assessment was 
conducted. Because the Heath play is defined as an unconventional resource, a TOC restoration 
approach was used (Peters et al., 2005) where geochemical parameters from programmed 
pyrolysis including TOC, HI, PI, S1, and S2 were used to calculate the amount of oil that was 
generated by source rock facies in the study area, and then adjusted to reflect the potential  
 
Figure 7.1: Combined Tmax (°C) and Heath B carbonate isopach (ft) contour map. The Tmax trend is represented by the color-
filled contouring (scale bar to right of map), and the Heath B isopach is represented by the black labeled contour lines (Contour 
Interval = 2 Ft). The highly prospective zone represents an area with reasonable data control that indicates both high maturity and 




remaining amount of oil to be recovered. The following discussion describes this process, and 
reports the calculated results. 
 
7.2.1    Volumetric Calculation Approach and Assumptions 
 Using TOC restoration as a means to calculate the amount of HC generation is based off 
the premise that as hydrocarbon generation occurs (due to increased thermal maturity), the TOC 
of that generating source rock decreases. Thus the relationship between the amount of TOC 
present in a source rock today as compared to the amount of TOC that was originally present can 
be used to calculate the amount of HC’s generated from the consumed TOC. 
  In order to conduct the restoration calculation, some assumptions were made. The 
method used was modeled after Claypool’s approach (presented in Peters et al.’s Biomarker 
Guide, 2005, and exemplified in Curtis et al.’s GeoMark study, 2011), and requires original  
Hydrogen Indices (HI) for the samples being assessed. An average value of 600 mg HC/g Corg 
was used for Cox Ranch samples as this seemed to be the best estimate of HI for immature Cox 
Ranch sediment based off the van Krevelen diagram shown in the source rock analysis chapter 
(Figure 5.7); source rock samples from other Facies (Heath A and B carbonates; Lower Heath) 
were assigned original HI values of 500 based on their plotted area in the van Krevelen diagram. 
Because the various facies were consistently present across the study area, fixed original HI 
values for the samples based on their associated facies were assumed. 
 Present day S1, S2, TOC, and PI from the programmed pyrolysis data set were also used 
in the restoration calculations, as well as an assumed original PI value of 0.02 as suggested by 




7.2.2    Calculation Steps and Results 
Based on Claypool’s method, the first step in the process for determining original TOC 
 
 (TOCo) is to calculate the fractional conversion (f) of original HI (HIo). The following equation 
 
 is used to accomplish this: 
 
f = 1 – HIpd{1200 – [HIo/(1 – PIo)]}/ HIo{1200 – [HIpd/(1 – PIpd)]}    (7.1)     
 
Fractional conversion (f) is the variable being solved for. HIpd and PIpd are the present-day values 
and are acquired from the programmed pyrolysis data set. HIo is assumed to be 500 or 600 mg 
HC/g Corg depending on the OM facies, and PIo (original Petroleum Index) is assumed to be 0.02. 
Now that the fractional conversion (f) is acquired, the next step is to calculate original TOC 
(TOCo) before expulsion occurred. This is as follows: 
 
TOCo = 83.33(HIpd)(TOCpd)/[HIo(1-f)(83.33 – TOCpd) + HIpd(TOCpd)]   (7.2)     
 
Then from TOCo, the amount of petroleum expelled can be calculated using the following 
equation: 
 
OILexp = 1,000(TOCo – TOCpd)/(83.33 – TOCpd)      (7.3) 
 
The result of this calculation is expressed in mg HC/g rock. This can be converted to barrels per 
acre-foot (bbl/acre-ft) by using this conversion equation: 
 
OILexp (bbl/acre-ft) = (OILexp mg HC/g rock)/0.0456     (7.4) 
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The ultimate goal with these calculations is to determine the amount of oil generated in 
barrels per acre-foot of source rock, so the next step in the methodology is to determine how 
much oil that was generated was retained within the source material. This is done by, first, 
calculating the amount of TOC used to generate oil (TOCgen) which is determined by subtracting 
TOCpd from TOCo; this equation is as such: 
 
TOCgen = TOCo - TOCpd         (7.5) 
 
Once this is done, the expulsion efficiency factor (ExEf) is calculated as follows: 
 
ExEf = 1- {(1-f)[PIpd/(1- PIpd)]/f + [PIo/(1 – PIo)]}      (7.6) 
Using the expulsion efficiency factor, the amount of oil retained (OILret bbl/acre-ft) within the 
OM can be calculated: 
 
OILret bbl/acre-ft = [(OILexp bbl/acre-ft)/ExEf] – OILexp bbl/acre-ft   (7.7) 
 
Using this result, the final step in the oil generation calculation can now be carried out. The 
amount of oil generated per acre-ft of source rock is as follows: 
 
OILgen bbl/acre-ft = (OILexp bbl/acre-ft) + (OILret bbl/acre-ft)    (7.8) 
 
This provides a value of the total oil generation potential for that particular sample of source rock  
 




sample data. Then an average amount of oil generation was calculated for the Heath beds at each  
 
well location. The raw data set and calculations spreadsheet is shown in Appendix G. 
 Knowing an estimate of the amount of oil generation (bbl/acre-ft) at each well location 
allowed for creating an oil generation rate contour map across the study area (Figure 7.2). This 
provides a visual representation of how this rate varies in the region, and was split up into zones: 
Zone 1 = 1 – 250 bbl/acre-ft; Zone 2 = 250 – 500 bbl/acre-ft; Zone 3 = 500 – 750 bbl/acre-ft; 
Zone 4 = 750+ bbl/acre-ft. The total % area represented by each zone was estimated by hand-
gridding the contour map, and dividing the amount of grid sections per zone by the total amount 
of grid sections. This grid is shown in Figure 7.3. The calculated % areas for each zone were 
multiplied by the total area (acres), then by the average thickness of the source rock interval  
(estimated to be 15 ft thick for all zones across the study area), and finally by the generation rate 
(bbl/acre-ft) for that zone. This calculation resulted in the amount of oil generated in barrels for 
each zone as a whole. These were then summed together and multiplied by a common recovery 
factor for resource play development (Bakken analogue at 15% was used). Finally, historical 
production from conventional Heath-sourced reservoirs (137 million barrels) was subtracted 
from this total, leaving a result of an estimated potential oil recovery value of about 1.37 billion 
barrels for the Heath play. The calculations spreadsheet for this approach is shown in Figure 7.4. 
In conclusion, the volumetrics of the Heath tight oil resource play suggests that there is a 
significant volume of oil yet to be produced in this basin, and that an unconventional approach to 
exploiting the Heath reservoirs is likely the key for developing this play. 
 
7.3    Heath Resource Play Development Considerations 




 here including 1) limitations presented by the net thickness of the combined pay zone, 2) 
formation pressure, 3) and drive mechanisms. 
 
7.3.1    Heath B Reservoir Thickness 
 Because the thickness of Facies F6 limestone and F7 dolomite beds within the Heath B 
carbonate unit are individually fairly thin (0.5-5 ft) and are separated by clay-rich shales, the net 
reservoir capacity and connectivity of these combined could be limited as well. Net-to-gross 
ratios for the Heath B are less than 25% with all carbonates being considered within the unit, and 
less than 5% when only the dolomite beds with the best porosity and permeability are 
considered. With thin shale facies (F1) separating some of these beds, the question arises of 
whether these carbonate stringers can be connected up enough through targeted induced 
fracturing with horizontal drilling technology to generate enough oil production to be profitable. 
The lateral extensiveness of these carbonate beds provides enough optimism to suggest that it 
could be possible if enough vertical connectivity can be generated among the individual 
carbonates in the Heath B unit. The answer to this question will come with further proof of 
concept testing by future industry wells. 
 
7.3.2    Heath Formation Pressure 
 Formation pressure is a key parameter for drilling plans and well bore design; knowing 
the expected pressure helps for planning purposes to maintain optimal control over the well-bore 
path. The Heath is expected to be slightly-to-moderately over pressured with respect to depth 
(Great Northern Gas Company Report, 2009) due to its known capacity for internal HC 
expulsion, and the potential for a regional seal of this higher pressure zone to exist below the 
Figure 7.2: Oil generation rate (bbl/acre-ft) contour map based on calculated oil generation values for each well location that had 




Figure 7.3: Hand-gridded OILgen contour map used to calculate the percent area for each oil 
generation rate zone. The grid is highlighted in red. Each square in the grid that falls within the 





Figure 7.4: Calculation spreadsheet derived from source rock oil generation rates for each zone 
for amount of recoverable oil in the Heath resource play. The total highlighted amount is 
recoverable barrels of oil generated. 
233 
 
unconformable surface separating the Heath from the overlying Tyler Formation which is known 
to be normally pressured. Due to limited reporting of formation pressure data, the general public 
knowledge for pressure of the Heath is unknown. Testing of this parameter by industry is 
needed. 
 
7.3.3    Heath Drive Mechanisms 
 Given that the reservoir beds within the Heath B target unit are relatively thin, tight 
carbonate units, and that the HC maturity level is generally in the early oil-generation window, 
there are few possibilities for drive mechanisms. Reservoir tightness rules out significant water 
drive because these rocks have limited aquifer capacity, and transmissibility. The oil window 
maturity of the sourced OM suggests a limited amount of generated gas present, so gas cap drive 
is an unlikely mechanism as well. These Heath reservoirs are likely under-saturated so their 
initial driving energy would be from fluid and rock compressibility; the pressure drops when 
fluids move out of the reservoir until the bubble point is reached, and then solution gas drive 
becomes the main driving mechanism. This is the most prevalent driving mechanism reported for 
conventional Heath sourced production in the Tyler and Amsden reservoirs, and so it is 
suspected to be the same in the Heath reservoir beds given the same type of accumulated oil. 
 
7.4    Future for Heath Exploration 
 The future success of exploration in the Heath Formation is uncertain, but optimism 
regarding its potential as a tight oil resource play should provide answers in the near term. 
Industry needs to test how effective horizontal drilling and completion technology can be in 
reaching and unlocking the thin tight reservoir beds within the Heath B unit. Past conventional 
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production has established the presence of an oil mature petroleum system, and science, 
including work from this study, reveals strong evidence that much of that oil generated resides 
within the Heath itself waiting for the right technology to exploit it. The key will be combining 
this technology with the appropriate knowledge of source rock thermal maturity trends and 
stratigraphically defined reservoir target zone stratigraphic character variability. The seeds of 
that geologic knowledge were provided from previous work and from work completed in this 
study. As the testing of prospective target areas move forward, these maturity trends and the 
understanding of the stratigraphic variability within the Heath B unit will become more refined, 
and in doing so the exploration and development of that projected 1.37 billion barrels of oil 

















SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 
 This chapter provides a brief summary of the main results from the stratigraphic and 
source rock analyses and their indications for the presence of a viable petroleum system within 
the Heath Formation. Key conclusions are presented, and the recommendations that follow to 
further assess the Heath petroleum system as a resource play in the future. 
 
8.1    Summary Points 
 Work completed in the stratigraphic analysis of the Heath Formation yielded the 
following observations: 1) the key source rock unit, the Cox Ranch, is distributed widely across 
the study area with greatest thicknesses occurring in northern regions of the study area, 2) the 
Heath B unit, containing multiple carbonate stringers including a high porosity and permeability 
dolomite facies, is also distributed widely across the study are, but has the greatest thickness and 
development towards the south-central region of the study area, and 3) clay-rich shale facies are 
present within the Upper and Lower Heath units that provide seal beds for the restricted Heath 
petroleum system. 
 The source rock analysis conducted on the Heath produced these observations: 1) high 
TOC and presence of Type I, II, and III kerogen present in Heath source beds indicate sufficient 
richness and quality as a source rock, 2) exceptionally high TOC (> 2%) and the presence of 
Type I/Type II (oil prone) kerogen within the Cox Ranch unit signify it as the key source rock 
interval for making this petroleum system productive, 3) thermal maturity trends of the OM in 
the Heath indicate the Cox Ranch unit has the greatest capacity for oil generation with OM 
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maturities of beds in this unit locally reaching the peak oil maturity window due to presence of 
adequate thermal history and Type I/Type II kerogen; other Heath source beds fall mostly within 
the immature to early oil maturity range, 4) contour mapping of thermal maturity parameters 
(Tmax and Ro) shows a general increase in maturity from north to south with a particularly high 
maturity zone occurring in northeastern Musselshell and northwestern Rosebud Counties, and 5) 
overall results of the source rock analysis suggest that the Cox Ranch unit is the viable source 
rock for the petroleum system present in central Montana, and that its greatest and most 
productive maturity level is reached in the south-central region of the study area. 
 The synthesis of the stratigraphic and source rock analyses led to the following 
observations: 1) the occurrence of Cox Ranch source facies, the Heath B carbonate reservoir 
facies, and the Lower and Upper Heath shale seal facies all within the Heath Formation define it 
as its own restricted petroleum system, 2) evidence of active petroleum system processes within 
Heath beds such as the expulsion-generated horizontal hairline fractures in the Cox Ranch, and 
oil accumulation within the Heath B carbonates, indicate that this stand alone petroleum system 
has been productive, and 3) volumetric calculations derived from source rock geochemical 
parameters estimate the recoverable oil potential for the Heath source beds on the order of 1.37 
billion barrels. 
 
8.2    Conclusions 
 Based on the synthesis of all aspects of the analyses conducted, the following over-
arching conclusions were drawn: 1) the presence of a productive  petroleum system exists 
internally within the Heath Formation, thus defining it as a resource play target, 2) thermal 
maturity and reservoir development trends indicate the south-central region of the study area in 
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northeastern Musselshell and northwestern Rosebud Counties to be the most prospective, and 3) 
industry testing is required to assess the viability of the Heath as a tight oil resource play 
prospect. 
 
8.3   Recommendations for Further Assessment 
 Based on the results in this study, two key recommendations can be made regarding the 
refinement in the understanding of this resource play’s potential and assessing whether its 
development will be sustainable. The first is acquiring more geochemical data in order to better 
assess thermal maturity trends across the study area, especially in the central-west region within 
Petroleum and north-central Musselshell Counties; there is a real lack of data here that makes the 
present interpretation fairly subjective in that area. The more prospective area further to the east 
is fairly well understood, but there could be hidden potential not seen in this central-west region 
and more data will help address that uncertainty. Secondly, a critical part of the potential success 
in this play will depend on how the Heath B reservoir beds will react to induced fracturing, and 
whether multiple stringer beds can be significantly connected to yield ultimate oil recoveries 
which justify completed development well costs. The thin nature of these carbonates in 
conjunction with interbedded shale draws into question the potential effectiveness of induced 
fracturing; industry testing is required to address this concern. Hopefully, there will be enough 
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MEASURED SECTION STRATIGRAPHIC COLUMNS 
 
 Graphic illustrations of stratigraphic columns (Heath sections only) for two of the 
measured section sites (Tyler Creek and Stonehouse Canyon) were produced and are presented 
below in sections A2 and A3. Field notes for the Heath section (A1) at the Alaska Bench site are 


































































Figure A2: Tyler Creek Site: Reproduction of stratigraphic column for Heath section at the 















































Figure A3: Stonehouse Canyon Site: Reproduction of stratigraphic column for Heath section at 




GAMMA-RAY SURVEY DATA  
  
 Gamma-ray data were gathered from the Tyler Creek and Stonehouse Canyon measured 
section sites using a GR scintillometer and converted to standard GR API units. A description of 
this process was described in Chapter 2, section 2.1.4. The raw data are provided in the following 



















Table B1: Measured GR Survey Data Table: GR data acquired from the Tyler Creek and 





























 Core descriptions for five sets of cores were compiled as described in Chapter 2, section 
2.1.6. Four of the cores (State 16-13-35 #1, Cherry Creek 34-14-37 #1, Poseidon 1H-5 #1, and 
Zeus 1H-13 #1) are owned by Endeavour International and its joint venture partners; these were 
observed at Weatherford Labs in Golden, CO. The other core (Coastal BNRR #1-3) was 
observed at the USGS Core Research Center. The graphic illustrations from these descriptions 















































































































HEATH GEOCHEMICAL DATA 
 
 A combined data set including programmed pyrolysis (S1, S2, S3, HI, OI, PI, Tmax), % 
TOC, and vitrinite reflectance measurements from 277 sample points was collected. A majority 
of these data were acquired through Endeavour’s licensed access to GeoMark Research’s Central 
Montana Resource Potential Study data set. The remainder of the data was provided directly by 







































































































POROSITY, PERMEABILITY, AND SATURATIONS DATA 
 
 Endeavour collected 48 samples from carbonate lithologies for porosity and permeability 
































































X-RAY DIFFRACTION DATA 
 
 Endeavour collected 80 sample points covering the range of lithologies found in the 
Heath Formation for XRD analysis. These were made available for this study as well, and are 


















Table F1: XRD Data Set 
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OILGEN DATA AND CALCULATIONS TABLE 
 
 The table below provides the raw programmed pyrolysis and TOC data necessary for the 
OILgen calculations conducted for the Volumetrics assessment discussed in Chapter 7, section 
7.2. In addition, the table also shows the results for each sample of each of the calculations 
carried out; these include fraction conversion factor (F), original TOC (TOCo), amount of 
petroleum expelled (OILexp), TOC used for oil generation (TOCgen), expulsion efficiency factor 















Table G1: OILgen Calculations Data Set 
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Table G1 continued: 
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Table G1 continued: 
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 The following sequence of illustrations was created by Dr. Ron Blakey, Professor 
Emeritus of Geology at Northern Arizona University, and are copyrighted by Colorado Plateau 
Geosystems, Inc. They were accessed via a purchased DVD, and are presented here by 
permission. They provide a robust representation of the paleogeography of the North American 
Craton throughout its geologic history. They are included in this thesis to supplement the 
description of central Montana tectonics discussed in Chapter 3, and are intended to help the 
reader visualize the changes in paleagoeography that occurred throughout the tectonic evolution 














Figure H1: Blakey Diagrams 
Middle Devonian (385 Ma) Late Devonian (360 Ma) 
Figure H1 continued: Middle and Late Devonian paleogeographic maps 
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Early Mississippian (345 Ma) Late Mississippian (325 Ma) 
Figure H1 continued: Early and Late Mississippian paleogeographic maps 
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Early Pennsylvanian (315 Ma) Late Pennsylvanian (300 Ma) 
Figure H1 continued: Early and Late Pennsylvanian paleogeographic maps 
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Early Permian (290 Ma) Middle Jurassic (170 Ma) 
Figure H1 continued: Early Permian and Middle Jurassic paleogeographic maps 
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Late Cretaceous (85 Ma) Paleogene Eocene (50 Ma) 
Figure H1 continued: Late Cretaceous and Paleogene/Eocene paleogeographic maps 
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